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ABSTRACT 
Suspension polymensation methodology is widely used throughout the chemical 
industry for the production of a variety of products, and is traditionally operated in 
stirred tank reactors. Recent laboratory scale studies show that oscillatory baffled 
reactors (OBRs) may potentially be a viable alternative to stirred tanks for suspension 
polymerisation, as it offers greater controllability and better repeatability. The 
objective of the present study is, therefore, to determine the feasibility of the oscillatory 
baffled reactor as a relatively new technology for carrying out suspension 
polymerisation on an industrial scale, and the model reaction chosen for this work is the 
suspension polymerisation of methylmethacrylate (NEWA). 
Experimental investigations into the characteristics of mixing, heat transfer, 
liquid-liquid dispersion and suspension polymerisation of methylmethacrylate were 
performed in oscillatory baffled columns of 380mm. and 213mm internal diameter. A 
range of oscillation frequencies and amplitudes, baffle spacings and baffle free areas 
were investigated and correlations have been established for each of the processes 
studied. The results were compared with those previously reported for similar studies 
in bench scale devices and scale-up characteristics have been determined. The 
significant findings from this work are that the behaviour of large and small scale OBR 
devices are similar in terms of both fluid mechanical conditions and reactor 
performance and only a linear scale up of the reactor geometry is required when OBRs 
are applied to any industrial scale. 
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I INTRODUCTION 
1.1 General Introduction 
Suspension polymerisation is a common industrial process and is used for the production of 
a wide variety of polymer products. These include commodity species, such as 
polyvinylchloride, polystyrene and polyacrylamide; moderate tonnage products, such as 
cation and anion exchange resins; and specialities such as HPLC packings and dental 
materials, just to name but a few. In these processes, one or more water insoluble 
monomers are dispersed as discrete drops in an aqueous medium to form a suspension and 
the droplets in the suspension are then polymerised to form polymer beads. The particle 
size distribution (PSD) is an important parameter in such processes as it determines the 
product quality and processing ability of the polymer. Therefore, it is desirable for 
chemical engineers to control the PSD in any polymerisation process. Traditionally the 
suspension is formed by mixing the two phases by means of mechanical agitation, normally 
in a stirred tank vessel. The particle size distribution is controlled by the agitation 
intensity, which depends on factors such as the rotational speed of the impeller and the 
geometrical configuration of the impeller and tank. It is well known, however, that the 
scale up correlation for stirred tank reactors is generally poor, resulting in difficulties in 
predicting and controlling the PSD in large scale reactors. 
An alternative mixing device to the stirred tank is the oscillatory baffled tube of 
Mackley (1987) in which efficient eddy mixing is generated by superimposing oscillations 
onto a fluid in a tube that contains periodically spaced annular baffles. In such a device, 
I 
the flow patterns and mixing intensity can be controlled by varying the tube and baffle 
geometry and the oscillation frequency and amplitude. Recently, liquid-liquid dispersion 
and suspension polymerisation of methy1methacrylate (MMA) were studied in a bench 
50mm diameter oscillatory baffled reactor (OBR) of fixed baffle and tube geometry (Ni et 
al., 1998b, 1999). It was found that by varying the oscillatory conditions (i. e. the 
oscillation frequency and amplitude), the mean droplet size of the dispersed phase and 
subsequently the mean particle size of the polymer produced can be controlled accurately. 
It was also found that a strong correlation existed between the two parameters, indicating 
that the mean droplet size can be used as a control measure for determining the final 
particle size. However, as these studies were carried out on a small scale, further work was 
required to investigate and quantify the effect of scale up on such processes, and this was 
the motivation for the present work. 
1.2 Objectives and Scope of the Project 
The primary objective of this project was to study the scale up criteria of the oscillatory 
baffled reactor using suspension polymensation of MMA as the model reaction. This 
project was essentially an extension of the previous work in a bench scale column (Zhang, 
1998). In order to carry out the study, two oscillatory baffled columns had to be 
constructed, one of Perspex of 380 mm in diameter and 2.04 m in height, the largest one in 
the U. K., and one made of stainless steel of 213 mm in diameter. Experimental work was 
required to study characteristics of mixing and oil-water dispersion in the 380 mm diameter 
column and heat transfer, liquid-liquid dispersion and suspension polymerisation of MMA 
in the 213 mm diameter column, from which scale up characteristics could be determined 
2 
by comparison with results from small scale studies. The project also involved 
computational modeling of drop breakage and coalescence rates in order to gain scientific 
insights on drop interactions and formation in the OBR. 
1.3 Structure of Thesis 
Following this introduction, the thesis commences in Chapter 2 with a survey of the 
background literature relevant to OBR, droplet size distribution, particle size distribution 
and suspension polymerisation. Chapter 3 introduces the experimental apparatus that has 
been constructed for the scale-up study. In order to characterise the fluid mechanical 
conditions, a flow visualisation study is initially used to compare flow conditions for 
experiments under different conditions, which is reported in Chapter 4. This is then 
followed by an investigation of oil-water dispersion characteristics in Chapter 5, which was 
carried out over a range of operating conditions. Chapter 6 describes the heat transfer 
study, which investigated the effect of operating parameters on heat transfer rates. The 
droplet study is outlined in Chapters 7 and 8, which involved measuring drop size 
distributions and mean droplet sizes and the effect of operating conditions and scale-up on 
them. Discretised population balance equations were also used to model the droplet 
breakage and coalescence rates. The model reactions were performed in the 213 mm 
diameter OBR for various oscillation frequencies, amplitudes, baffle spacings and baffle 
-free areas and a scale-up correlation was established. Details of this study are given in 
Chapter 9. The overall conclusions from the project are given in Chapter 10 and Chapter 
II states some recommendations for future work. 
3 
2 LITERATURE REVIEW 
In suspension polymerisation processes polymer particles are produced from dispersed 
monomer droplets that are initially formed by fluid agitation, which in the present case was 
induced by oscillatory flow mixing. Therefore, the three key areas of interest in this 
project are: (i) oscillatory flow mixing, (ii) liquid-liquid dispersion and (iii) suspension 
polymerisation, and the relevant literature relating to each of these topics is reviewed in 
turn in this chapter. 
2.1 Oscillatory Flow Mixing 
2.1.1 Background 
The principle of oscillatory flow mixing was first introduced by Van Dijick (1935) who 
proposed the pulsed sieve plate (PSP) column as a device for liquid-liquid extraction. This 
design was later modified by Karr (1959) to yield the reciprocating plate column (RPQ in 
which perforated plates are oscillated inside the column as opposed to fluid oscillation 
which is used by PSPs. The development of RPCs and PSPs for liquid-liquid extraction 
has since been extended by a number of researchers (Richard and Babb, 1969; Karr and Lo, 
1971; Lo and Karr, 1972; Kim and Baird, 1976; Hazef et al., 1979,1980; Baird et al., 1992) 
and has also been successfully applied to other areas of chemical engineering such as gas- 
liquid mass transfer (Yang et aL, 1986a, b; Baird and Rama Rao, 1998) and absorption 
(Baird et al., 1989). Other oscillatory flow devices that have emerged include the pulsed 
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packed column of Baird et al (1986) and the multi-disk vibratory column (MDVQ of 
Miyanaml et al (1973) both of which have been further developed in recent decades (Spaay 
et al., 1971; Miyanarni et al., 1975; Tojo et al., 1975,1976a, b, 1980). In the 1970's 
Bellhouse et al (1973) carried out pioneering work using oscillatory flow in furrowed 
channels to enhance the performance of a membrane blood oxygenator. Sobey (1980) 
modelled oscillatory flow in this geometry and found that the increased mass transfer can 
be attributed to the formation of eddies in each of the furrows which are subsequently 
ejected into the main body of fluid on flow reversal. This mechanism is repeated for each 
cycle of the oscillation which ensures that a well mixed flow regime exists. Similar 
finding were reported by Knott and Mackley (1980) from a flow visualisation study of 
oscillatory flow from a sharp edged tube. The oscillatory baffled tube was first proposed 
by Mackley (1987) and consisted of a cylindrical tube, containing periodically spaced 
annular baffles, in which the fluid is oscillated. This device has the advantage of being 
simple in construction yet can achieve efficient eddy mixing similar to that reported in 
other OFM devices (Brunold et al., 1989). It has also been show that similar mixing 
characteristics can be obtained if the baffles are oscillated instead of the fluid (Gough et al., 
1997). 
2.1.2 Fluid Mechanics 
Oscillatory flow mixing is based on the fact that if a fluid flows around a sharp object with 
a high enough velocity then flow separation occurs and a vortex is formed in the wake of 
the object (Mackley, 1991). This mechanism is illustrated in Figure 2.1, which shows, 
schematically, the formation of eddies downstream of baffles as the fluid is pushed through 
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an oscillatory baffled tube. When the direction of the flow is reversed, vortex generation 
occurs again but in the opposite direction. This continual generation of eddies, and their 
interaction with each other, results in a very complex and time dependent flow regime in 
which there is excellent radial and axial mixing within each inter-baffle cavity. 
Tube 
Flow Direction 
hh- t--! = 
r-1700ý 
Baff les 
Figure 2.1: Fluid Mechanics of Oscillatory Baffled Flow 
The fluid mechanics of oscillatory baffled flow is characterised by two 
dimensionless groups, namely the oscillatory Reynolds number and the Strouhal number as 










Where x,, is the centre-to-peak oscillation amplitude (m), o) is the angular frequency of 
oscillation (=27Ef) (rad s-1), f is the oscillation frequency (Hz), D is the tube or column 
diameter (m) and v is the kinematic viscosity of the fluid (m 2 s- I ). The oscillatory 
Reynolds number contains the oscillatory velocity term and so defines the level of mixing 
intensity in the system. The Strouhal number represents the ratio of tube diameter to 
amplitude and determines the propagation length of vortices generated. If there is also a 





where u is the superficial velocity of the fluid in the tube (m s-1). 
(2.3) 
The effects of these dimensionless groups on the fluid mechanical conditions have 
been studied by a number of researchers. It has been shown, from numerical simulation, 
that a Reynolds number in the order of 100 is required to cause flow separation to occur, 
resulting in the formation of symmetrical vortices about the centreline (Mackay et al., 1991; 
Wang et al., 1994). At higher Re,, (>300) however the symmetry is broken and a more 
chaotic and well-mixed flow regime is observed (Howes et al., 1991). This is also in 
reasonably good agreement with Mackay et al (1991) who, from flow visualisation, put the 
value at Re,, = 200, independent of Strouhal number. 
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2.1.3 Baffle Goemetry 
As pointed out by Ni and Gough (1997), the dimensionless groups used to charactense the 
flow do not take into account the effects of the baffle geometry (baffle spacing, L, and 
orifice diameter), which would be expected to have some effect on the fluid mechanical 
conditions. The baffle spacing determines the room available for eddies to expand and 
propagate within the inter-baffle cavity. Therefore, if the spacing is too large then the 
eddies will dirrunish within the cavity resulting in stagnant zone. If, on the other hand, the 
spacing is too small then there will be insufficient room for the vortices to develop properly 
and channeling of the fluid could result. The baffle orifice diameter is equally significant 
and determines the width of eddies generated within the tube. An orifice diameter that is 
too small would result in eddies being confined to the centre of the tube while an orifice 
that is too large confines eddies to the region in the vicinity of the tube wall and channeling 
occurs in the centre of the tube. The baffle orifice size is also important from the point of 
view that it govems the velocity at which the fluid passes through the orifice, therefore, 
using a smaller orifice results in higher fluid velocity and hence more intensive mixing. It 
is desirable to operate with a baffle geometry that optimises the mixing characteristics in 
the system and work has been carried out a number of researchers to try to identify what 
these optimal conditions are. 
Brunold et al (1989) were the first to investigate baffle geometry and identified the 
optimum baffle spacing as 1.5 times the tube diameter from a flow visualisation study. Ni 
and Gao (1996a), however, found that a value of 1.8 tube diameters maximised the 
performance of a mass transfer process. The effect of baffle geometry on oil-water 
dispersion characteristics was studied by Zhang et al (1996), who reported that a baffle 
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spacing of 1.5 times the column diameter and a baffle free area of 20% resulted in the best 
mixing conditions. Gough et al (1997) studied flow pattems in a OBC, in which the 
baffles were oscillated rather than the fluid, and identified the optimal baffle free area to be 
in the region of 32 - 39 %. They also observed that good mixing could be achieved at 
baffle spacing of up to 2 column diameters provided that an appropriate amplitude was used 
and the optimal amplitude was identified as one quarter of the baffle spacing. A 
comprehensive, quantitative investigation into baffle geometry was recently carried out by 
Ni et al (1998a) covering baffle spacings of I-2.5 tube diameters, baffle free areas of 11 - 
51 % and baffles ticknesses of I- 48 mm in columns using both oscillating fluid and 
oscillating baffles. They identified the optimal baffle spacing as 1.8 column diameters for 
oscillating fluid and 2 column diameters for oscillating baffles. It was also observed that 
the optimal baffle free area is in the region 20 - 22 % and that baffle thickness should be 2 
- mm. 
As well as annular baffles, other baffle designs have also been investigated, for 
example disk and helical baffles (Hewgill et al., 1993). It has been observed from flow 
visualisation and numerical simulation that annular baffles provide the very good global 
mixing throughout each baffle cavity. Disk baffles, on the other hand, produce poorer 
global mixing but generate higher shear rates in the vicinity of the wall (Howes et al., 
1991), indicating potential application for processes like membrane filtration where the 
concentration gradient at the wall adds significantly to the overall resistance of the process. 
Helical baffles were shown to provide better overall mixing than disk baffles but to a lesser 
extent than annular baffles. 
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2.1.4 Applications 
Oscillatory baffled flow (OBF) has been applied to a number of chemical engineering 
operations with promising results, for example heat transfer (Mackley et al., 1990; Mackley 
and Stonestreet, 1995; Ni et al., 1997), mass transfer (Hewgill et al., 1993; Ni et al., 
1995a, b; Ni and Gao, 1996a, b), aeration (Mackley et al., 1998), chemical reactions (Ni and 
Mackley, 1993), membrane filtration (Howell et al., 1993), liquid-liquid dispersion (Zhang 
et al., 1996), particle suspension (Mackley et al., 1993) and crystalisation (Perry, 1997; 
Ventoura, 1997). Recent work has also shown that OBF can be used to control the droplet 
size distribution in a liquid-liquid dispersion (Ni et al., 1998b) and subsequently the particle 
size distribution in suspension polymensation reactions (Ni et al., 1999). Another active 
area of research is the study of fluid dispersion in continuous oscillatory baffled tubes 
(Dickens et al., 1989; Howes and Mackley, 1990; Mackley and Ni, 1991,1993; Ni, 1994, 
1995; Ni and Pereira, 2000). These devices allow the mixing intensity to be controlled 
independently of the net flow and it has been shown that residence time distributions 
charactenstic of plug flow can be achieved, indicating that they have potential applications 
as plug flow reactors. 
The research that has been carried out to date in oscillatory baffled tubes and 
columns indicates that these devices have potential application in many areas of chemical 
engineering. However, previous studies have focused on small, laboratory scale apparatus, 
therefore a driving force exists to develop this technology in terms of scale-up studies and 
pilot trials. 
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2.1.5 Power Consumption 
A critical aspect of any chemical engineering operation is power requirements. In 






Where (PN) is the power density in the system (W M-3 ) and can be calculated using one of 
two models. The first model is the quasi-steady equation of Jealous and Johnson (1955) 






V 3gC2 20 
D 
(2.5) 
Where N is the number of baffles per unit length (M-1), CD is an orifice discharge 
coefficient (usually taken as 0.7) and a is the fractional free area of the baffles used. 
Equation (2.5) is based on the assumption that the instantaneous pressure drop across an 
orifice plate at any given time is equal to that if it was operating under fully developed, 
steady flow conditions. The second model that can be used to evaluate power density in an 
oscillatory baffled column (OBC) is the eddy enhancement model of Baird and Stonstreet 
(1995), as defined by equation (2.6) 
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where I is a mixing length (m) (an adjustable parameter that is the same order of magnitude 
as the tube or column diameter) and Lb is the baffle spacing. 
The most reliable model for predicting the power density depends on the oscillation 
amplitude being used. Baird and Stonestreet (1995) measured power dissipation in an 
OBC of 12 mm in diameter and identified that the range of oscillation amplitudes in which 
the quasi-steady model applied was x, >5 mm. For oscillation amplitudes in the range of 
1-5 mm, the eddy enhancement model was found to be more accurate. The same ranges 
of oscillation amplitude were also reported by Baird and Rama Rao (1995), from a study of 
power dissipation in OBCs of 15 and 19 cm in diameter., which indicates that this model 
selection criteria is applicable to any OBC, independent of column diameter, although 
further study is required to verify if this is the case. Based on this observation, the quasi- 
steady model was chosen to evaluate power density in the present work as the oscillation 
amplitudes used were in the range of 50 - 200 mm. 
Energy dissipation has been determined for the application of oscillatory baffled 
columns to processes such as chemical reaction (Ni and Mackley, 1993) and mass transfer 
(Ni and Gao, 1996a), from which it was found that the energy requirements of the OBC 
were lower than that required to achieve the same results in a stirred tank. These results 
indicate that OBF may potentially be a more energy efficient mixing technique than stirred 
tanks but further investigation into this matter is required. 
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2.1.6 Summary 
The above discussion has highlighted the potential of oscillatory baffled tube/columns for 
application to chemical engineering operations. The technique offers a good degree of 
control over the fluid mechanical conditions and allows excellent global mixing to be 
achieved in the system. Such criteria are the core requirements for suspension 
polymensation processes and the applicability of the OBR to such processes has already 
been demonstrated on a bench scale. 
addressed by the present study. 
2.2 Liquid-Liquid Dispersion 
2.2.1 Introduction 
Scale-up studies are needed, however, and this is 
Liquid-liquid dispersion is common to many chemical engineering processes such as 
liquid-liquid extraction, emulsion polymensation and suspension polymerisation. In such 
processes one liquid is dispersed in another by applying mechanical agitation, usually by 
means of an impeller in a stirred tank. The key areas of interest in this field are 
determining minimum agitation for complete dispersion and the prediction, measurement 
and modeling of drop size distribution, each of which are discussed in turn in this section. 
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2.2.2 Minimum Agitation Intensity for Complete Dispersion. 
In liquid-liquid processes it is important to achieve complete dispersion in order to 
maximise the performance of the system. In mechanically agitated stiffed tanks this is 
done by increasing the stirrer speed to the point at which complete dispersion is achieved. 
A number of researchers have investigated the minimum stirrer speed required for complete 
dispersion and there are two methods by which this has been done, 1: visualisation method 
and 2: sampling method. The visualisation method is the most commonly used method 
and involves adding a dye to the dispersed phase and determining the stirrer speed at which 
complete dispersion occurs by visual observation. This method has the advantage of being 
non-intrusive and simple to do but suffers from draw backs, for example, the observers 
possible bias and the requirement for transparent vessels. The sampling method involves 
taking a sample of the dispersion from various points in the vessel to determine if complete 
dispersion has been reached. This method overcomes the disadvantages of the 
visualisation method but requires a more complicated experimental procedure. 
Van Heuven and Beek (1971) used the visualisation method to investigate the effect 
of fluid physical properties and dispersed phase fraction on the minimum impeller speed 
and proposed the correlation given in equation (2.7) 
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where N,,, i,, is the minimum stirrer speed for complete dispersion (s-1), D is the impeller 
diameter (m), g is the gravitational constant (= 9.81 M S-2), V is the kinematic viscosity of 
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the continuous phase (m 
2 
s-1), p is the density of the continuous phases (kg M-3), (Y is the 
interfacial tension between the dispersed and continuous phases (N m-1), Ap is the density 
difference between the dispersed and continuous phases (kg M-3 ) and (D is the phase 
fraction of the dispersed phase. This correlation fitted the experimental data reasonably 
well although there was some scatter observed. Selland and Saksaria (1978) also used the 
visualisation method to investigate the behaviour of liquid-liquid dispersions over a range 
of fluid physical properties and impeller designs. They observed that there existed several 
mixing regimes depending, on impeller location and number of impellers, which exhibited 
various phenomena such as phase inversion and air entrainment. The correlation for Nn-ý,, 
that they proposed is defined by equation (2.8),, 
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where C, is a constant, T is the tank diameter (m), ýt is the dynamic viscosity of the fluid 
(kg m- I s- I) and the subscripts c and d on the physical property terms indicate continuous 
phase and dispersed phase respectively. Equation (2.8) provided a good fit to their data 
over the entire range of parameters studied. This work was later extended by Skellend and 
Ramsay (1987) who correlated N, ý, j,, with fluid physical properties, phase 
fraction and 
geometry using 251 experimental data points obtained from their own work plus the data of 
Skelland and Saksana and Van Hueven and Beek. They proposed a correlation that 
incorporates average values of density and viscosity and is defined in equation (2.9), 
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where ýt.. and p.. are the mean viscosity and mean density of the dispersion respectively. 
This equation was found to fit the experimental data very well. Work on the minimum 
stirrer speed has since been further extended, by Skelland and Kanel (1992), to systems 
containing non-Newtonian fluids and it was found that equation (2.8) is sufficient provided 
that an apparent viscosity is used. Armenante and Huang (1992) used the sampling 
technique to study the effect of stirrer speed on the level of liquid-liquid dispersion 
achieved and developed an unbiased mathematical technique that can be used to determine 
N. i,, from experimental data. Results obtained using this technique compare well with 
those determined by the visualisation method. 
The minimum power input for complete dispersion has also been studied (Esch et 
al., 1971) and it was reported that power requirements can be evaluated from the normal 
power number vs Reynolds number curve of Bates et al (1963), provided that mean values 
of viscosity and density are used in the evaluation of the dimensionless groups. 
A similar topic is the minimum stiffer speed for uniform dispersion which is defined 
as the speed required to produce a dispersion in which the concentration of the dispersed 
phase is the same at all points in the vessel. Skelland and Lee (1978) investigated this 
using the sampling technique and found that equation (2.9) provided a good fit to the data 
although the stirrer speed required to achieve uniform dispersion was generally slightly 
higher (typically about 8%), which was expected. 
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The only investigation of this type in oscillatory baffled column was carried out by 
Zhang et al (1996). They replaced the minimum stirrer speed by a minimum oscillation 
frequency and studied the effects of amplitude, baffle geometry, oil phase fraction and 
presence of surfactants and colloids in the system on this parameter using the visualisation 
method. They reported that increasing the amplitude reduced the minimum oscillation 
frequency and found the optimal baffle geometry to be (x = 19% and L=1.5Di. It should 
be noted however that this conclusion was based on rrunimum oscillation frequency and not 
minimum power input. f,,, j, ý was also reported to be reduced by the presence of colloids or 
surfactants and to be unaffected by changes in the phase fraction. 
2.2.3 Influence of Fluid Mechanics on Drop Size Distribution 
The droplet size distribution of a liquid-liquid dispersion is an important parameter as it 
determines the performance of a number of aspects of the system, such as, mass transfer 
rate, reaction rate and particle size distribution. The behaviour of dispersed phase droplets 
in a liquid-liquid dispersion is dependent on the fluid mechanical conditions within the 
existing flow field and equations based on theoretical models have been developed for the 
various interactions that can occur. 
2.2.3.1 Fluid Mechanics of Turbulent Liquid-Liquid Dispersions 
Overall mixing between the two phases is governed by events on the macro scale, i. e. large 
eddies generated by the impeller that transport the liquid around the vessel. The droplet 
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size, on the other hand, is governed by events on the micro scale which are determined by 
the way in which these large eddies disperse and diminish. As most liquid-liquid mixing 
processes operate in the turbulant flow regime, Kolmogoroff's theory of isotropic 
turbulence can be applied. This states that, at high Reynold's numbers, large eddies 
initially diminish into smaller intermediate eddies and then further into very small eddies 
without loss of energy. The energy in these small eddies is then dissipated as heat by 
viscous effects. It is assumed that the events occurring on this micro scale are independent 
of events in the main flow i. e. the flow is locally isotropic. Under such conditions 
Kolmogoroff (1941) proposed that the size of the small eddies (TI) was dependent on only 
the energy dissipation rate (F-) and the kinematic viscosity of the fluid (v). From 
dimensional reasoning he derived the following equation: 
3 0.25 
77 (2.10) 
In such a flow field the mean square relative velocity (U2 ) between two points a distance r 
apart is given by (Batchelor, 1982): 
u'(r) = const(-cr)" (2.11) 
The way in which droplets interact with each other and with the eddies in the system 
determines the nature of the droplet breakage and coalescence processes and hence controls 
the drop size distribution. 
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2.2.3.2 Droplet Breakage Mechanism 
In turbulent liquid-liquid dispersions, droplet breakage occurs due to forces acting on the 
droplet that stretch and deform it. Hinze (1955) pointed out that there are two mechanism 
by which this can happen, depending on the diameter of the droplet (d). If d >> q then 
viscous forces can be neglected and droplet deformation occurs as a result of dynamic 
pressure fluctuations in the region around the drop, caused by eddies colliding with the 
drop. In the case where d << il, eddies will only act to carry the drops and breakage is 
caused by viscous shear effects. 
For a droplet of d >> Tj to break, the kinetic energy applied in the deformation 
[P. U2 (d). d 3] must exceed the surface energy which acts to hold the drop together [cy. d 
2]. 
The ratio of these two terms is the Weber number (We), as shown by equation (2.12). 
We = )OU 
2 (d)d 3 
ord2 
(2.12) 
If locally isotropic conditions exist then equations (2.11) and (2.12) can be combined and 






In a dispersion the maximum stable droplet size (dma, ) occurs when the forces are balanced 
i. e. 
p(. Edmax )2/3 dmax 
= const (2.14) 
a 
Energy dissipation in a stirred tank is given by (Rushton, 1950): 
kN'D 2 (2.15) 
where k is a constant, N is the rotational speed of the stirrer (s-1) and D is the impeller 
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where WeT iS the impeller Weber number. 
For the case where d<<il then viscosity effects dominate (fEnze, 1955; Bourne and 
Baldyga, 1994) and breakage is caused by viscous shear effects. The Weber number is 
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therefore the ratio of viscous shear energy to the surface energy and according to Taylor's 
theory (Taylor, 1934) 
Wecrit = pc 
au df uj 
ar a PC 
Shinnar (1960) applied the theory of local isotropic turbulence: 
(2.18) 
au 2 2c 
(2.19) ar 15vc 
and derived the following relationship for d.,,: 
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PC 
(2.20) 
As can be seen, the dependence of drop size on energy dissipation is different for break-up 
due to the effects of dynanuc pressure fluctuations and viscous shear. 
2.2.3.3 Droplet Coalescence Mechanism 
If two droplets in a dispersion come into contact then coalescence can result. The 
requirements for coalescence are that the adhesion energy (Ea), which acts to hold the drops 
together, is greater than the energy acting to break the droplet. In the case of d>>Tl, the 
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energy acting to break the droplet is the kinetic energy of turbulence, and adhesion energy 
is defined by Shinnar (1960) as: 
Ea= A(h,, )d (2.21) 
where h,, is the inter-facial film thickness between the drops and A(h. ) is an integral 
function of the attractive force between two drops, which can be taken as a constant for 
high values of d/h,,. As kinetic energy increases with droplet size more that adhesion 
energy, there exists a minimum droplet size (d .. jý, ) at which droplets will be stable. At this 
diameter the turbulence energy and adhesion energy are balanced, therefore: 
E2 (dni. ). d' t- 
cpcu 
n-ýn = const (2.22) Ea A(ho ). dli. 
Assuming local isotropy, it can be derived that: 
dmin = const. pc 
3/8e-1/4 (2.23) 
In the case where d << il, the minimum drop size exists when the viscous shear force and 









Therefore, assuming local isotropy dmin is given by. 
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In most liquid-liquid dispersion processes, breakage and coalescence occur 
simultaneously and a point is reached at which the droplet size distribution stabilises and 
does not change with time. Stable distributions can be of one of two forms, depending on 
the energy dissipation rate in the system. As dma,, decreases faster with energy dissipation 
than dni. there reaches a critical point beyond which dn-, in is greater than d,,, a, (Shinnar, 
1960). One type of stable distribution occurs when the energy dissipation is below the 
critical value, where droplets are too small to break and too large to overcome the 
turbulence energy and coalesce. All droplets are therefore individually stable and this is 
termed turbulence stabilised dispersion. The other type of stable drop size distribution 
occurs when the energy dissipation rate is above the critical value, in which case d j,, is 
greater than dn, ý,,, therefore 
droplets will coalesce up to the point where dna, is exceeded and 
then break. This cycle is continually repeated, resulting in a high degree of inter-droplet 
mixing. Both of these flow regimes have been observed experimentally (Shinnar, 1960; 
Church and Shinnar, 1961). 
2.2.4 Techniques for Droplet Size Measurement 
In order to study drop size it is important to establish a reliable measurement technique 
capable of determining the size of droplets as they exist in the system. Great care must be 
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taken in doing this as drop size can be easily influenced by changes in system conditions. 
There are generally two types of techniques that have been developed for measuring droplet 
size in liquid-liquid dispersions - (i) photograpic techniques and (ii) droplet stabilisation 
techniques, although some other methods are reported. 
2.2.4.1 Photographic Techniques 
There are various ways in which photography can be performed and it can be done from 
either inside or outside of the vessel. Chen and Middleman (1967) took photographs using 
an external light source and camera by illuminating a plane through the centre of the tank 
and taking picture perpendicular to the plane. A similar method was also used by 
Calabrese et al (1986a, b) and Wang and Calabrese (1986). Such techniques are good 
because they are non-intrusive but require transparent vessels and cannot be used for 
dispersions with a high phase fraction. Photographs can be taken directly from inside the 
vessel directly using a submerged photographic probe, which can be used with either an 
external or internal light source. Brown and Pitt (1970,1972) used such a probe, but it had 
to be used in a non-transparent vessel with only a small window allocated for light 
transmittance from an external source. A similar method has also successfully been 
applied to transparent vessel by Mlynek and Resnick (1972) and Pacek et al (1993, 
1994a, b). This technique, however, is limited by the fact that photographs can only be 
taken in the vicinity of the vessel wall due to the need for an external light source. Pacek 
and Nienow (1995), therefore, modified the technique by incorporating a submerged light 
transmitter, thereby eliminating the need for a transparent vessel and allowing 
measurements to be made at any location in the system. This is similar to the method used 
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previously by Okufi et al (1990) and provided pictures of excellent quality, which could be 
used to identify drops in high hold-up dispersions and could also identify phenomena such 
as phase inversion and air bubbles or droplets within drops. In summary, photographic 
techniques are good in that they allow direct and rapid measurements of the droplets in the 
system but each method suffers from certain drawbacks, such as the requirement for 
transparent vessels, the insertion of probes into the flow field, limitations to the range of 
suitable phase fractions or poor quality images being produced. 
2.2.4.2 Droplet Stabilisation Techniques 
Droplet stabilisation techniques involve stabilising the droplets from coalescence thereby 
allowing the distribution to remain unchanged, even under conditions of no agitation. This 
can be carried out in a number of ways. Shinnar (1960) and Church and Shinnar (1961) 
used a hot wax to form the dispersed phase which when cooled solidified and the DSD was 
maintained even if agitation was stopped. McCoy and Madden (1964,1969) developed an 
encapsulation technique whereby a monomer was dissolved in the dispersed phase and a 
second reactant was added to the system at the point of measurement. Droplets were 
almost instantly encapsulated in a polymer film thereby stabilising them from coalescence. 
This technique was further developed by Mlyneck and Resnick (1972) who developed a 
sampling trap into which a small volume of the liquid-liquid medium was drawn and 
brought into contact with the secondary reactant. This method allowed a sample of 
stablised drops to be collected at any point in the vessel, allowing local DSDs to be 
determined. Another method is that of Konno et al (1982) and Zerfa and Brooks (1996) 
who withdrew samples and stabilised them with colloid solution prior to analysis. In each 
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of these stabilisation techniques the stablised droplets obtained must then to analysed to 
determine the size distribution. Droplet stabilisation methods have the advantage of being 
feasible with any type of vessel and generally require only a simple experimental set-up. 
Experimental procedure is more time consuming than with photography, though, and care 
must be taken not to disturb the drops during sampling. 
2.2.4.3 Other Techniques 
Droplets can also be measured using the capillary method of Verhoff et al (1977) in which 
drops are passed through a capillary. As they do so they are stretched due to the 
narrowness of the tube and the length of the deformed drop, which is measured using a 
light transmission technique, determines its volume. The light transmission technique was 
also shown to be capable of measuring the concentration of a dye within drops and so could 
be used to study levels of intermixing between drops. The capillary method cannot 
however be used to measure drops smaller than the diameter of the capillary tube and has 
also been shown to be unreliable at determining DSDs that contain large drops (Pacek and 
Nienow, 1995). 
Another technique that has emerged involves using a submerged probe that 
incorporates a signal transmitter and receiver, where the signal used is influenced by the 
presence and size of a drop. Various signal types have been shown to 
be suitable, for 
example electrical current (Sprow, 1967b), acoustic waves 
(Smith, 1974) and light 
(Weinstein and Treybal, 1973). A similar method is the laser diffraction technique of 
Chatzi et al (1991a, b) in which a stream from the stirred vessel was continually pumped 
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through a measurement cell and the DSD was determined by laser diffraction. This 
method was shown to be more sensitive to detecting small drops than photographic 
techniques indicating suitability for fine dispersions. 
Each of the techniques described above have their own advantages and drawbacks 
and the best technique to use is very often dependent on the specific application to which it 
is being applied. 
2.2.5 Experimental Investigations into Drop Size 
2.2.5.1 Effect of System Parameters on Drop Size 
Many researchers have studied drop size in liquid-liquid dispersions and a wide range of 
liquids, vessel sizes and configurations, phase fractions and physical properties have been 
investigated. Droplets in such dispersions tend to be of a size larger than the micro-scale 
of turbulence and processes are normally breakage dominated, therefore equations of the 
fonn (2.21) for d,,, a, generally apply. 
It is, however, more common to describe drop size distributions in terms of a mean 







where ni and di are the number and mean diameter of droplets in size intrval i. d32has been 
shown to be directly proportional to dmax (Van Heuven and Beek, 1971; Brown and Pitt, 
1972; Zerfa. and Brooks, 1996) therefore equation (2.21) can be re-written as: 
const. D. We-o*' 32 T (2.27) 
Chen and Middleman (1967) investigated the drop size distribution of 14 dispersed 
phase liquids in 6 stirred tanks with 5 different impellers at a number of stirrer speeds and 
found that eqn (2.27) correlated the data well, with a constant of 0.053 providing the best 
fit. This was also in good agreement with the work of Sprow (1967b), who reported a 
value of 0.052, and the later work of Chatzi et al. (1991a) who reported a value of 0.046 for 
a system in which they investigated the effect of stiffer speed and surface tension (stabiliser 
concentration). 
The effect of phase fraction has also been studied and it has been found that droplet 
size increases as phase fraction increases (Van Heuven and Beek, 197 1; Calabrese et al., 
1986b; Brown and Pitt, 1970; Mlynek and Resnick, 1972; Zerfa and Brooks, 1996; Lee and 
Tasakorn, 1979). This observation has been attributed to two factors - (1) damping of the 
turbulence and (ii) increased droplet coalescence. In each of the investigations into the 
effect of the phase fraction on the Sauter mean diameter, the relationship between the two 
parameters was reported to be linear, therefore, the expression for mean drop size becomes: 
d32 C I*(' 
+ C2 ýo)D. WeT 
0.6 (2.28) 
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where (D is the phase fraction. The constants (c, andC2) vary, although not significantly, 
between researchers. This expression has also been shown by Konno et al (1977) to be 
capable of predicting droplet sizes in flow fields where eddy sizes are outside the inertial 
sub-range in which isotropic turbulence theory applies. 
The above equation does not take account of the effect of liquid viscosity on droplet 
breakage as it is assumed that droplets are large enough for viscous effects to have only a 
negligible influence on the breakage process. However, if high viscosity fluids are being 
used in the system then this assumption may not be valid. The effect of dispersed phase 
viscosity has been studied by Calabrese et al. (1986a, b) and Wang and Calabrese (1986) 
who proposed that eqn (2.28) would work well for low viscosity liquids and have derived 

















where N is the rotational speed of the impeller (s-1) and D is the impeller diameter (m). 
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2.2-5.2 Scale-Up Characteristics 
Scale-up has been investigated by Okufi et al (1990), who studied drop size in three 
geometrically similar stirred tanks with a diameter ratio of 1: 2: 4. They found that average 
energy dissipation was a poor criterion for scale-up as in larger tanks the drop size was 
smaller. This may seem to disagree with the theory outlined above but can be explained by 
considering the variation of local energy dissipation in the system. At a constant average 
energy dissipation, the impeller tip speed is greater in larger tanks which will result in the 
highest value of local energy dissipation being greater. This will produce smaller drops in 
the impeller region and if the circulation time of drops through the bulk liquid is 
insufficient for coalescence to occur then a smaller mean drop size will be observed. On 
this basis it would be reasonable to assume that the maximum local energy dissipation, and 
not the average value, governs the size of droplets. This view is reinforced by the work 
Okufi et al (1990) who reported constant drop size with impeller tip speed. 
2.2.5.3 Summary of Experimental Work 
In summary it can be concluded that drop size in agitated systems is influenced by a 
number of factors such as system size and geometry, agitation intensity, energy dissipation, 
fluid physical properties (density, viscosity, inter-facial tension) of both phases, phase 
fraction and presence of stabilisers. As yet, there is not one correlation that accounts for 
all of these factors and most are generally confined to one system. Therefore, significant 
effort is still required in this area to gain a broader understanding of drop behaviour and to 
classify it in terms of the parameters listed above. 
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2.2.6 Modeling of Dynamic Droplet Behaviour 
The time evolution of a population of droplets, with respect to drop size and size 
distribution, is dependent on the droplet breakage and coalescence rates as well as the rate 
at which droplets are entering and leaving the system. This can be expressed 
mathematically by the population balance equation (PBE), in which, for each droplet size 
that exists, the individual rate processes are described by a given function (Valentas and 
Amundson, 1966). The effects of droplets entering and leaving the system are easily 
accounted for by a simple mass balance but the effects of breakage and coalescence rates 
are more complicated. The breakage function generally consists of a term for breakage 
frequency and a term to describe the number and distribution of daughter droplets formed 
while coalescence is described in terms of collision frequency and coalescence efficiency. 
Many researchers have worked on population balance modeling and a vast literature in 
available on this topic. Only a brief summary is given here and a more comprehensive 
review is available elsewhere (Ramkrishna, 1985). 
In most practical situations, no analytical solution to the full PBE exists due to the 
large number of possible breakage and coalescence events that can occur. Therefore, 
expressions for the breakage and coalescence functions must be developed from 
empirically derived correlations and mechanistic models in combination with experimental 
data and basic assumptions. Zeltin and Talvarides (1972) developed a model for droplet 
motion, based on random movement and the macro-scale circulation pattern, where 
breakage and coalescence were functions of position and must be determined from 
experimental data. Their model assumed that coalescence could result after a collision 
between droplets and the newly formed drop had a certain probability to break again. 
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Also, all droplets above drnax that entered the impeller region had a breakage probability of 
100%. Coulolaglou and Talvarides (1977) assumed the vessel to behave as a 
homogeneous flow field and solved the PBE by introducing theoretical expressions based, 
on mechanistic models, for the breakage and coalescence functions. The model fitted 
experimental data very well and this approach was later extended by Tsouris and Talvarides 
(1994). An attempt to further improve accuracy was carried out by Nambier et al (1994) 
who incorporated a two-zone model that distinguished between the impeller and circulation 
regions. 
Attempts have also been made to introduce simplifications to the PBE in order to 
make a solution computationally less time consuming. Laso et al (1987a) assumed 
breakage to be a first order process (breakage of one drop into two equally sized smaller 
drops) and coalescence to be second order (coalescence only occurs between two drops of 
the same size) and discretised the distribution into bins where the mean diameter of a bin 
was twice the diameter of the previous one. They found that their simplifications 
maintained the accuracy of the full PBE but significantly reduced computational effort. 
This model has been used to study the effects of system parameters on breakage and 
coalescence frequencies (Laso et al., 1987b). Hounslow et al (1988) and Hounslow (1990) 
simplified the population balance equation for growth and aggregation of crystals by 
transforming the partial differential integral equations into ordinary differential equations 
and applying a discretisation similar to that of Laso et al (1987a). This again reduced 
computational effort while maintaining accuracy. 
The discretisation of the size range is also important. Laso et al (1987a, b) and 
Hounslow et al (1988) used a discretisation where droplets in each bin class were twice the 
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volume of those in the previous bin. The accuracy of this model would be reduced, 
though, if applied to a broad size distributions as bins at the large end of the range would 
contain a very broad range of sizes. An alternative approach is that of Lister et al (1995) 
who applied an adjustable discretisation where the volume of bin i could be half of that of 
bin i+2 or i+3 etc. This reduced bin size and improved accuracy but employing 
discretisations of this type must be balanced against the increased computational effort. 
The population balance model, in one form or another, has been applied over a wide 
range of systems by a number of researchers who have introduced a variety of 
modifications, either to improve accuracy or to simplify the equations. There is no 
universally applicable solution and so the best model to use will often depend on the 
particular system as well as the accuracy required. 
2.2.7 Summary 
The ability to control droplet behaviour is crucial to suspension polymensation processes as 
the droplet size distribution of the dispersed monomer phase determines the particle size 
distribution of the polymer product. There already exists an extensive literature on the 
control of droplet size in stirred tanks but only few investigations of this type have been 
conducted in OBCs. Research in this area has therefore been extended as part of the 
present work with emphasis being placed on the effect of operating parameters and scale- 
up. 
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2.3 Suspension Polymerisation 
2.3.1 Introduction 
2.3.1.1 Polymerisation Processes 
Polymerisation processes can generally be classified into four catagories: bulk, solution, 
emulsion and suspension (Kumar and Gupta, 1978; Bisenberger and Sebastian, 1983). 
Each type of process has specific advantages and disadvantages and the best process to use 
depends on the product that is being manufactured. The main differences between each of 
these processes are outlined below: 
Bulk polymerisation: 
This process is carried out using monomer alone and yields a product of high purity 
in the form of a monomer-polymer syrup, which can then be molded into various 
shapes, for example sheets and rods. 
Solution Polymerisation: 
This process involves using a solvent for monomer and polymer and yields a 
product in the form of a solution of the polymer, which then has direct applications 
for example as a coating or adhesive. 
Emulsion Polymensation: 
In this process the monomer is dispersed in an aqueous phase that contains 
dissolved initiator and yields a product in the form of a aqueous emulsion of very 
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fine polymer particles. Typical applications of such a product are paints and 
adhesives. 
Suspension polymerisation 
In the process of suspension polymensation, one or more water insoluble monomers 
containing dissolved initiator is dispersed in an aqueous medium as droplets, which 
then polymerise to form solid polymer particles (Dawkins, 1989). Strong fluid 
agitation is required in order to create and maintain the dispersion throughout the 
duration of the reaction. Stabilising agents (colloids and surfactants) are also used 
to stabilise the suspended drops and inhibit coalescence. This type of process yields 
a product in the form of polymer particles and is used for the manufacture of a 
variety of polymer products for example polystyrene, polyvinylchloride and 
polymethylmethacryl ate. The reaction may also be carried out as mass suspension 
polymensation, which is a two-stage process (Yuan et al., 1991). First, bulk 
polymerisation is used until the solution reaches a certain viscosity and then this 
viscous liquid is dispersed in a aqueous phase and the polymerisation is completed 
in suspension. 
2.3.1.2 Types of Suspension Polymerisation 
There are two types of suspension polymerisation reaction depending on the properties of 
the monomer and polymer involved (Munzer et al., 1977): 
Beads suspension polymensation: 
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In this process the polymer is soluble in its monomer. Therefore as polymerisation 
proceeds within a droplet the viscosity of the droplet increases and the reaction 
passed through a "sticky 15 stage which increases the tendency for drops to coalesce 
with each other. As conversion of the monomer approaches 100% the drops 
become solid polymer spheres and are then in the form of the final product. 
Examples are polymerisation of styrene, methylmethacrylate, acrylate and 
vinylacetate. 
2) Powder suspension polymerisation: 
In this process the polymer is not dissolved by its monomer. As polymerisation 
proceeds the polymer is precipitated within each droplet resulting in irregular 
shaped particles being produced. Examples are polymerisation of vinylchloride, 
high-acrylonitrile and fluoroethylenes. 
2.3.1.3 Stabilisers 
The role of stabilisers is crucial in suspension polymerisation processes. Many different 
types of stabiliser have been tried and there exists an extensive patent literature relating to 
this topic. Stabilisers used in suspension polymensation can generally be classified into 
three catagories (Munzer et al., 1977; Yuan et al., 1991). 
I 
2. 
Water-soluble polymers (natural polymers, modified natural polymers and synthetic 
polymers) 
Water-insoluble inorganic powders (metal salts) 
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3. Mixed stabilisers (inorganic powders with surfactants or organic polymers with 
inorganic powders) 
Each type of stabiliser has advantages and disadvantages and the best stabiliser(s) to use is 
dependent on the polymeristion process being camed out. 
2.3.1.4 Advantages and Disadvantages of Suspension Polymerisation 
The advantages and disadvantages of suspension polymerisation, in comparison to the other 
polymensation processes (bulk, solution and emulsion), are (Yuan et al., 1991; Vivaldo- 
Lima et al., 1997): 
Advantages: 
* Good rmxing characteristics due to low viscosity 
e Effective temperature control 
e Good heat transfer from aqueous to dispersed phase due to the high surface area to 
volume ratio of the drops 
e Low separation cost (compared to emulsion) 
* f1igh product purity (compared to emulsion) 
0 Product in the useful form of polymer beads 
Disadvantages: 
9 Lower productivity for the same reactor volume (compared with bulk) 
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9 Waste water problems 
Fouling of surfaces in contact with the dispersion 
9 No continuous process available commercially yet 
2.3.1.5 Factors Affecting Product Quality 
In the manufacture of polymers by suspension polymerisation it is desirable to be able to 
control the physical and chemical properties of the final product. There are a number of 
factors that can affect the quality of the product and these can be divided in to two 
catagories (Vivaldo-Lima et al., 1997): (i) chemistry factors and (ii) physical factors. 
The chemistry factors involved are the rates at which the various reactions, that 
occur in the system, proceed. These rates are influenced by factors such as temperature, 
viscosity and initiator concentration and determine product specification such as molecular 
weight distribution, residual initiator content and unreacted monomer content. 
Physical factors influence the behaviour of the liquid-liquid dispersion and can be 
further divided into three categories (Brooks, 1990; Yuan et al., 1991): (1) Geometric 
factors (size and shape of reactor and agitator), (ii) Operating parameters (operational 
mode: batch or continuous, reaction time, agitation intensity, temperature, monomer phase 
fraction and type and concentration of stabilisers used) and (iii) Physical properties 
(interfacial tension, density and viscosity). Such factors determine the droplet size 
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distribution of the dispersed phase and hence the particle size distribution of the final 
product. 
A substantial research effort has already been devoted to understanding effect the 
various factors discussed above and has been reviewed by a number of authors (Munzer et 
al., 1977; Dawkins, 1989; Brooks, 1990; Yuan et al., 1991; Arshady, 1992; Pla, 1995; 
Horak, 1996; Vivaldo-Lima et al., 1997). It is recognised, however, that no model can 
successfully describe all aspects of a suspension polymerisation system therefore 
significant effort in this area is still required (Vivaldo-Lima et al., 1997). 
2.3.2 Reaction Kinetics 
The mechanism of reaction in suspension polymerisation is similar to that of bulk and 
solution polymensations. Results of early kinetic studies, using MMA and styrene, 
indicate that the reaction occurs as bulk polymensation in each monomer droplet and that 
the rate of reaction is not influenced by the size of the drop (Munzer et al., 1977). 
Suspension polymensation is therefore considered to be analogous to many small, water- 
cooled bulk polymensations being carried out simultaneously and so the molecular weight 
distribution is dependent on the same factors as in the bulk process (Baillagou and Soong, 
1985a, b; Billingham, 1989). 
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2.3.2.1 Kinetic mechanism 
The reaction is initiated by increasing the temperature to the reaction temperature, at which 
point the initiator breaks down to form free radicals and monomer to polymer conversion 
commences. The kinetic mechanism of free radical polymerisation is as follows (Louie et 
al, 1985) : 
1) Initiation 
Upon reaching the activation temperature, an initiator molecule breaks to form two 
. C-- - free radicals: 
1=>2R* 
2) Propagation 
A free radical then interacts with a monomer molecule producing a polymer one 
monomer unit in length: 
R*+M=>Pio 
The free radical polymer molecule can then interact with another monomer 
molecule and so the chain lengthens: 
Pn* +M Pn+lo 
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3) Chain Transfer 
The free radical status of the chain can be transferred to a monomer molecule 
producing a dead polymer molecule as well as the new free radical: 
P, o +M => Dn + Pl* 
Chain transfer can also be to a solvent molecule if present: 
P,, * +S => D,, + Plo 
4) Tennination 
Terrynnation occurs when two free radical polymer chains interact and can occur 
either as disproportionation: 
Pm* + Pn* => Dm + Dn 
or as combination: 
Pm'* + Pn* => Dm+n 
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2.3.2.2 Factors affecting chain length 
The chain length and hence molecular weight distribution is governed by the rate at which 
each of the kinetic processes outlined above proceed at. These rates are sensitive to 
temperature and fluid properties and so control of reaction conditions is crucial to achieving 
desired product specification. For example, an increase in temperature affects initiation 
more than termination which can lead to thermal runaway and dead ending (low monomer 
conversion due to initiator bum-out). Another problem encountered in polymerisation 
(especially with MMA) is the Trommsdorff (or gel) effect (Tromsdorff, 1974). This 
occurs due to the increase in the viscosity of the monomer-polymer solution, which inhibits 
the diffusion of polymer molecules and hence reduces the termination rate. Subsequently, 
the solidification stage of the reaction can occur before either monomer or initiator are 
completely consumed. It is therefore desirable to be able to predict the effect of conditions 
within the reactor on the molecular weight distribution and models have been developed for 
this purpose (Baillagou and Soong, 1985b; Billingham, 1989). 
2.3.3 Suspension Polymerisation Reactors 
2.3.3.1 Reactor Requirements 
The two crucial features of suspension polymensation reactors are the ability to maintain 
the monomer in suspension and to control the temperature of the contents (Beckmann, 
1973). It is for this reason that the most reactors employ a vessel with some kind of 
mechanical agitation and a jacket to control temperature. Polymensation reactors should 
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also have a minimum internal surface area in order to limit the effects of fouling. It is 
desirable to control the particle size of the final product and produce beads of specific 
physical and chemical properties therefore, the ability to control the mixing characteristics 
is also important. The various types of reactor found in the literature are discussed in the 
following sub-sections. 
2.3.3.2 Stirred Tank Reactor 
The stiffed tank was first applied to free radical suspension polymerisation by Hoffman and 
Delbruch (1909) and has since become the most widely used device for suspension 
polymerisation processes in the areas of both manufacturing and research. The advantages 
of stiffed tank reactors are that they are simple in both design and construction, exhibit 
good mixing and temperature uniformity and there already exists a wealth of knowledge 
relating to the various characteristics of such devices (Yuan et al., 1991; Holland and 
Chapman, 1966; McDonough, 1992). However, such devices also suffer from the 
drawback that broad size distributions are often produced due to the difference in mixing 
intensity between the impeller and circulation regions and the variation of droplet 
circulation times in the reactor (Horak, 1996). Therefore, a number of other techniques 
have been developed in order to try to improve particle size control. 
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2.3.3.3 Stirred Tank Reactor with Draft Tube 
The conventional stirred tank reactor was modified by Tanaka and Ozumi (1985) to 
incorporate a draft tube running vertically through the centre of the tank. The impeller was 
positioned within this tube and drove the circulation of liquid down through the tube and 
back up around the outside of the tube. The principle of this design was the improvement 
of circulation time characteristics that would be achieved under such conditions. The 
effects of draft tube length, impeller location and impeller speed on particle size 
distribution were investigated and it was found that, under the appropriate conditions, 
narrower PSDs could be produced than are achievable in stirred tank reactors. This was a 
prormsing result but the inclusion of the draft tube led to greater fouling which significantly 
restricts the potential of this device for industrial scale production of polymers by 
suspension polymerisation. 
2.3.3.4 Loop Reactor 
The loop reactor was initially developed by Tanaka and O'Shima (1988) as an alternative to 
the stirred tank as a reactor for suspension polymerisation of styrene. This device 
consisted of a series of pipes arranged in a rectangular loop joined by elbows with an 
impeller placed in one section, which drove the flow of liquid around the loop. In such a 
device, drop breakage would occur in the vicinity of the impeller and coalescence would 
occur in the recirculation section. The principle of the loop reactor is that the residence 
time distribution of droplets in the loop should be narrower that that in the circulation zone 
of a stirred tank, therefore, a narrower distribution of drop sizes should be obtained. 
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Conventionally, one impeller has been used in this device but some advantages of using 
two impellers have been reported (Tanaka et al., 1996). 
One drawback of the loop reactor is the disturbance of the flow field due to elbows 
and so the circular loop reactor was developed in order to overcome this problem (Tanaka 
and Hosogai, 1990). This design has since been used to investigate further the effects of 
operating parameters such as impeller speed and geometry, phase fraction, stabiliser 
concentration and fluid physical properties (Hosogai and Tanaka, 1992a, b). Although this 
device appears to have potential, scale-up studies would be required to establish the 
suitability of the loop reactor for industrial scale production. 
2.3.3.5 Stirred Tank with Pre-Mixer 
One way to overcome the poor droplet size control obtainable in stirred tank reactor is to 
pre-disperse the monomer in the aqueous phase, using a more reliable and accurate 
dispersion technique, before transferring the dispersion to a stirred tank for reaction. Two 
methods for pre-mixing have been reported in the literature. Kamiyama et al (1993) used a 
system where the organic and aqueous phases were fed independently and simultaneously 
to a high speed mill, which created a fine dispersion. The dispersion was then passed to a 
stirred tank reactor where suspension polymensation was carried out. This method was 
shown to be capable of generating very fine particles (1 - 10ýtm) of highly uniform 
morphology. Another method is that of Omi et al (1994) and Omi (1996) who produced 
droplets of narrow size distribution, by passing the monomer liquid through a porous glass 
45 
membrane into the aqueous phase, before transferring the dispersion to a stirred tank 
reactor. 
2.3.3.6 Oscillatory Baffled Reactor 
Bench scale OBRs have been used for both suspension polymensation of MMA (Ni et al., 
1999) and the inverse phase suspension polymerisation of acrylamide (Ni et al., 2000). 
Both investigations showed that suspension polymerisation could successfully be carried 
out indicating that the oscillatory baffled reactor is a suitable device for such processes. 
2.3.3.7 Other Techniques 
In addition to the techniques mentioned above, various other methods have emerged in the 
literature. For example, a method reported to generating small, uniformly sized particles 
was the aerosol technique of Panagiotou and Levendis (1991), in which monomer was 
sprayed into a then-nal reactor via an atomizer. The fine drops produced were then 
polymensed to form polymer particles. PMMA particles have been produced by 
suspending the monomer in a gel, which prevented coalescence of the drops, and then 
allowing the reaction to take place (Polacco et al., 1994). This method eliminated the need 
for adding suspending agents but suffered from the drawback of poorer temperature 
control, although temperature profiles were to be satisfactory. Ultrasound has also been 
employed in the production of polymers by suspension polymerisation. This technique can 
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be used to control the droplet size distribution of a liquid-liquid dispersion and hence the 
particle size distribution of the polymer produced (Blondeau et al., 1995). 
2.3.4 Controlling Particle Size Distribution 
2.3.4.1 Introduction 
Before polymerisation of the monomer commences, the liquid monomer exists as a 
population of droplets dispersed throughout the aqueous phase. These droplets are subject 
to the dynarmc processes of breakage and coalescence as described in section 2.2. As 
polymerisation proceeds, the viscosity of the droplets increases which changes the nature of 
the interaction processes. During the "sticky" stage (30 - 70 % conversion) droplet 
breakage is prevented by the high dispersed phase viscosity, which increases the adhesive 
force of the droplets. Coalescence is prevented to some extent, but not entirely, by the 
addition of stabilisers, therefore there is a tendency for the size of drops in the suspension 
to increase throughout this period of the reaction. As conversion approaches 100% the 
droplets become virtually solid, therefore neither breakage or coalescence can occur, and 
the size distribution is that of the final product. The time evolution of the droplet 
population, and hence the final particle size distribution are influenced by factors such as 
the intensity of agitation applied, the monomer phase fraction, the concentration of 
stabilisers and the physical properties of the fluids involved. 
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2.3.4.1 Effect of Mixing Intensity 
In a stirred tank reactor the mixing intensity is governed by the agitator speed as well as the 
impeller and vessel geometry. The effect of these criteria on the mean particle size and 
particle size distribution has been studied by a number of researchers and various 
correlations are reported. Hopff et al (1964) were the first to study the effects of rMxing 
intensity on the mean particle size and from their work they reported that the following 
dependence of mean particle size on stirrer speed existed: 
d oc N 
where N was is the rotational speed of the impeller (s-I ) 
(2.27) 
Later work by Langner et al (1979) investigated the effect of stirrer speed and 
impeller type on the particle size produced in suspension polymerisation of vinyl acetate 
and styrene. They reported the following correlations: 
dp oc N 
-15 (Polyvinyl acetate) (2.28) 
dp oc N 
-3.3 (Polystyrene, N< 300rpm) (2.29) 
dp oc N 
-0.3 (Polystyrene, N> 450rpm) (2.30) 
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It can be seen from the correlations that particle size was reduced by increasing stirrer 
speed. The dependence of pol yvin yl acetate particle size on the stirrer speed was close to 
that reported by Hopff et al (1964) but polystyrene showed a quite different characteristic. 
The polystyrene data were well correlated (although by different expressions) for high and 
low stirrer speeds but the exponent of the stirrer speed was observed to change over the 
intermediate range of 300 <N< 450. This indicates that the formation of particles in 
suspension polymerisation is strongly dependent on the polymerisation system as well as 
the agitation rate. The impeller type and size was also found to have a significant effect on 
the particle size. This is not surprising as impeller geometry has a strong influence on the 
flow patterns and shear rates in the vessel, which in turn govern the behaviour of the 
dispersion. 
Mean particle size in suspension polymerisation of styrene has since been further 
invesitgated. Leng and Quarderer (1982) found that, in an unbaffied vessel, particle size 
vaned with the stirrer speed to the power of -1.5 over a range of impeller types, phase 
fractions and stabiliser concentrations. With the inclusion of baffles however, a sirmlar 
trend to that of Langner et al (1979) was observed i. e. dependence of particle size on stirrer 
speed was lower at higher stirrer speeds. The correlations reported are given below: 
dp oc N -1.5 (N < 300rpm) (2.31) 
dp oc N 
-0.8 (N > 300rpm) (2.32) 
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Similar results were also reported by Schroder and Bemhard (1982) who 
investigated the effect of impeller speed and geometry on the resulting particle si They 
observed that higher energy dissipation resulted in a narrower size distribution and a 
smaller mean particle size. They reported the following correlations for mean particle size 
for the operating range E<1.4 W/kg. 
dp oc E -0.42 (6-blade turbine) (2.33) 
dp oc N-O*" (Impeller stirrer) (2.34) 
dp cc N -0.85 (Three stage intennig stirrer) (2.35) 
In the range of F, > 1.4 W/kg, the dependence of particle size on energy dissipation was 
observed to decrease but has not been quantified in their work. The effect of impeller 
geometry was that high shear rate impellers resulted in the production of smaller particles, 
which is in good agreement with the results of a study later carried out by Aspostolidou and 
Stamatopudis (1990). 
Erbay et al (1992) carried out a comprehensive investigation into a number of 
factors that influence the particle size distribution in suspension polymensation of styrene. 
The application a regression model to their data yielded the equation: 
dp oc N-'*"D-0'8 (2.36) 
50 
A correlation for the effect of stirrer speed on mean particle size for the suspension 
polymerisation of MMA is given by Kaflas et al (1993a, b) as: 
dp oc N-1,4 (2.37) 
which is in reasonably good agreement with some of the other, previously reported work 
for other polymerisation systems. 
Contrary to most other findings, an increase in particle size with stirrer speed has 
also been reported under certain conditions (Ahmed, 1984; Tanaka et al., 1987; 
Aspostolidou and Stamatopudis, 1990). Tanaka et al (1987) observed this to occur at high 
stirrer speeds where air was entrained at the liquid surface and resulted in the inclusion of 
bubble in the polymer particles. Increased particle size with increased stirrer speed has 
also been observed in case where stabiliser concentration was low, under which conditions 
it can be attributed to a combination of higher collision frequencies and poor coalescence in 
inhibition (Ahmed, 1984; Aspostolidou and Starnatopudis, 1990) 
The effect of agitation rate on particle size has also been studied in some other types 
of reactor. In the square loop reactor, particle size showed a sirMlar dependence on stirrer 






In the circular loop reactor, the dependence of particle size on the stirrer speed was reported 
as (Tanaka and Hosogai, 1990): 
dp oc N 
-0.6 (N < 30rad/s) (2.39) 
dp oc N 
0.3 (N > 30 rad/s) (3.30) 
The increase in particle size with impeller speed at high impeller speeds was attributed to 
high coalescence rates in the latter stages of the reaction and was considered a characteristic 
of this device. 
In an oscillatory baffled reactor, the effect of varying the oscillatory velocity at a 
fixed baffle geometry was investigated by Ni et al (1999). It was found that the mean 
particle size PNMA varied with oscillatory velocity to the power of -1.2 and hence with 
energy dissipation to the power of -0.4. 
2.3.4.2 Effect of Stabiliser concentration 
The stabiliser concentration is a critical aspect of suspension polymerisation processes and 
has been the subject of research of a number of investigators (Hopff et al., 1964; Konno et 
al., 1982; Aspostolidou and Stamadopudis, 1990; Erbay et al., 
1992; Kaflas et al., 1993a, b). 
It has been found that increasing the stabiliser concentration results in a decrease in the 
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particle size of the polymer produced and this has been attributed to three factors (Hopff et 
al., 1964; Davidson and Witenhafer, 1980; Konno et al., 1982; Deslandes, 1987): 
(1) An increase in stabiliser concentration leads to an increase in aqueous phase 
viscosity, which hinders the coalescence of the dispersed drops. 
(ii) An increase in the stabiliser concentration reduces the interfacial tension between 
the two phases thereby allowing the monomer to be dispersed more easily into 
smaller droplets. 
(110 Increasing the stabiliser concentration increases the thickness of the coalescence- 
inhibiting protective film surrounding the droplets. 
2.3.4.3 Effect monomer of phase fraction 
In order to maximise the productivity of suspension polymensation reactors it is desirable 
to operate with as high a monomer phase fraction as possible whilst having enough aqueous 
medium to occupy the space between monomer droplets and maintain the stability of the 
dispersion. Typical monomer phase fractions are in the range 0.25 - 0.5 for industrial 
scale suspension polymerisation (Munzer et al., 1977) although fractions as low as 0.01 
(Aspostolidou and Starnatopudis, 1990) are reported in experimental investigations. 
The effect of monomer phase fraction on the resulting mean particle size has been 
studied for various suspension polymerisation systems, in both stirred tank and loop 
reactors covering phase fractions in the range 0.01 - 0.5 (Konno et al., 1982; Aspostolidou 
and Stamatopudis, 1990; Tanaka and Hosogai, 1990). The general trend is that higher 
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monomer phase fractions result in the production of larger polymer particles and this can be 
attributed to the existence of higher coalescence frequencies due to the greater number of 
droplets in the system. In the work of Konno et al (1982), however, a relatively high 
stabiliser concentration was used and no effect of the monomer phase fraction on the mean 
particle size was detected. 
2.3.5 Evolution of Droplet Population During Reaction 
Early researchers investigating particle formation in suspension polymerisation assumed 
that the droplet size distribution at the onset of reaction remained unchanged throughout the 
process and therefore determined the final particle size distribution (Hopff et al., 1964). 
Later investigations have however shown that this is not the case and that the drop size 
distribution can vary throughout the course of the reaction. 
Langner et al (1979) have reported mean droplet and particle size data for 
suspension polymensation of vinylacetate and styrene in stirred tanks over a range Of stirrer 
speeds and impeller geometries. The final particle size was typically 50% greater that the 
mean droplet size of the steady state liquid-liquid dispersion than existed prior to the 
reaction. This indicates that a significant level of drop coalescence occurred 
during the 
reaction and can be attributed to the fact that dispersed phase viscosity 
increases with 
conversion. 
Transient droplet behaviour has been studied in stirred tanks over a range of system 
geometries, stirrer speeds, monomer phase 
fractions and stabillser concentrations (Konno et 
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al., 1982; Tanaka and Izumi, 1985). The effect of increasing the stirrer speed was tc 
reduce the growth rate of droplets during the transient period of the reaction thereby 
resulting in the production of smaller particles (Tanaka and Izumi, 1985). The inclusion of 
a draft tube in the tank, however, altered this characteristic. Under such conditions, 
transient features were similar to the conventional stirred tank at high agitation rate but if a 
low stirrer speed was used, droplets showed no increase in size during the reaction (Tanaka 
and Izurni, 1985). This indicates that an improved circulation pattern can significantly 
reduce droplet coalescence during the reaction. The effect of monomer phase fraction and 
stabiliser concentration was studied by Konno et al (1982). They found that stabiliser 
concentration had no effect on the drop size distribution below 30% conversion but 
significantly affected the behaviour of droplets during the middle and late stages of the 
reaction, resulting in anything from unchanging to fast growing drops being observed. 
Using a higher monomer phase fraction resulted a higher particle growth rate and hence in 
larger particles being produced. An interesting feature of this study is that bimodal 
distributions were observed in all cases except that in which a very high stabiliser 
concentration was used. Bimodal distributions were evident from an early stage when the 
phase fraction was high but did not appear until later in the reaction at lower phase fractions 
and were attributed to the forination of a peak at high drop size due to coalescence. 
Investigations into transient droplet behaviour have also been conducted in loop 
reactors. In the square loop reactor it was observed that mean droplet size remained 
constant throughout the reaction under each of the conditions tested (Tanaka and 0' Shima, 
1990), which is sirrmlar to the results reported at low agitation rate in the stirred tank with 
draft tube. The circular loop reactor, on the other hand, behaved more like the 
conventional stirred tank reactor, with an increase in droplet size 
during the reaction being 
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observed (Tanaka and Hosogai, 1990). However, further investigation into the behaviour 
of droplets in the circular loop reactor showed that it was possible to achieve characteristics 
similar to that of the square loop reactor if operating at a low power input or high stabiliser 
concen ration. 
Ni et al (1999) studied transient droplet behaviour during suspension 
polymerisation of NMA in an oscillatory baffled reactor over a range of mixing intensities 
for a fixed reactor geometry. Their data showed that the drop size distribution broadened 
considerable during the reaction with a threefold increase in mean drop size being 
observed. 
In summary, it can be concluded that transient behaviour of the drop size 
distribution during the course of a suspension polymerisation reaction is influenced by a 
number of process conditions including reaction system, type and geometry of reactor, 
agitation rate, monomer phase fraction and stabillser concentration. The process tends to 
be coalescence dominated and increases in drop size of up to four times have been 
observed. 
2.3.6 Summary 
I tribution achieved is dependent I le sized's In suspension polymensation processes the partic 
on many factors and can therefore be difficult to predict and control accurately. 
As a result 
of this, many techniques have been developed in order to improve the control of particle 
size. One such technique was the application of a 
bench scale OBR to suspension 
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polymerisation of MMA, in which it was observed that a good degree of control over the 
mean particle size could be achieved by varying in the oscillation frequency and amplitude. 
Scale-up studies are required, though, to determine if the same level of control can be 
achieved in the large scale production of polymers by suspension polymerisation in an 
OBR and that is the aim of the present investigation. 
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3 EXPERIMENTAL APPARATUS AND FACILITIES 
Two experimental rigs were used in this project, a Perspex OBC with an internal 
diameter of 380mm. and a stainless steel OBR of 213mm diameter, each of which are 
descnbed in tum in the following sub-sections. 
3.1 The PersPex OBC 
The Perspex OBC is shown schematically in Figure 3.1 and consisted of a Perspex 
column of 380mm. internal diameter, 2.04 in in height and with a wall thickness of 10mm 
with a operational capacity of around 200 1. Fluid agitation was provided by oscillating 
a baffle assembly consisting of two annular polypropylene baffles connected by three 
M16 screwed rods. Baffles of 10mm thickness and with a free area of either 20 %, 25 % 
or 31 % were available and the baffle spacing could be adjusted by moving the baffles 
along the rods into any required position. Oscillations were provided by means of a 5.5 
kW motor via a linkage mechanism as shown. The vertical shaft of the linkage 
mechanism was guided by linear bearings as these provide excellent linear motion with 
very little vibration. The oscillation frequency was controlled by a frequency inverter 
and could be varied from 0-I Hz. The oscillation amplitude was determined by the 
position at which the connecting rod joined the rotating arm on the motor and could be 
varied from 60 - 200 mm in increments of 20 mm. This rig was used 
for the flow 










Figure 3.2: Stainless Steel OBC 
60 
3.2 The Stainless Steel OBC 
The stainless steel OBC is shown schematically in Figure 3.2. This rig was used for the 
heat transfer, droplet size, and polymerisation experiments, as described in Chapters 6- 
9. 
3.2.1 The Column 
The reaction vessel comprised of two concentric stainless steel tubes flanged together at 
each end to provide a jacketed column 1.5m in height. The inner tube and outer tube had 
an internal diameter of 213mm and 273mm respectively and the wall thickness of both 
tubes was 4mm. Two ports (inlet and outlet) were located on the outer tube for 
circulating water for heating or cooling. There were also a number of 2mm diameter 
sample ports through to the inner tube located at various heights along the column that 
could be used either for withdrawing samples or for placing thermocouples. The lid of 
the reactor had five holes of various sizes in it. In the centre was a hole containing a 
30mm ED bronze bush, which guided the oscillating shaft as it moved through the lid and 
this was sealed by an o-ring. There were also ports for outlet to condenser, monomer 
entry, nitrogen entry and a pressure gauge. On the bottom of the column was a 12 mm 
thick stainless steel plate with a tapped hole in the centre which could be fitted with either 
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a drain valve or a plug. Both the lid and bottom plate were fixed in position with bolts 
and the connections were sealed with PTFE gaskets. 
3.2.2 The Baffle Oscillation Mechanism 
Fluid agitation was achieved by oscillating two annular baffles connected together by 
three smooth, stainless steel rods. The baffle assembly was supported from a stainless 
steel disc which moved up and down in the upper region of the column. This disc had 
holes in it to allow liquid material to flow through during charging and was oscillated by 
a 5.5kW motor via a linkage mechanism. As with the Perspex rig, the vertical shaft was 
guided by linear bearings. The oscillation frequency could be vaned between 0 and 2 Hz 
using a frequency inverter and the amplitude was determined by the position at which the 
connecting rod joined the rotating arm on the motor and could be varied from 50 to 100 
mm in increments of 12.5 mm. Nine baffle assemblies were available which allowed 
baffle spacings of 263,315, or 368 mm (corresponding to 1.25,1.5 and 1.75 times the 
column internal diameter respectively) and baffle free areas of 20,25 and 30 % to be 
used in any combination. 
3.2.3 The Heating/Cooling System 
The jacket on the column could be fed with either cold water 
from mains or hot water 
from an immersion tank, which could be thermostatically controlled at a specific 
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Mains Water To Drain 
Figure 3.3: Heating Cooling System 
vater tank. 
When applying cooling, the water passed through the jacket then to a drain. During 
cooling the hot water was diverted through a bypass loop back to the immersion tank. 
The system could be changed from heating to cooling and vice versa by changing the 
position of the control valves which operated as fully open or 
fully shut only. The 
flowrate of water through the jacket could be controlled by valve on the 
inlet stream and 
When applying 
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the was shown by a rotameter downstream of this valve. The maximum flowrates 
obtainable were 40 I/min for cooling water and 18 I/min for hot water. 
3.2.4 Data Acquisition System 
Thermocouples were located in the Jacket inlet and outlet streams and could also be 
inserted into the reactor at various points via the ports on the wall. The signal from each 
of the thermocouples (up to a maximum of 8) was relayed to a signal amplifier and then 
to a computer via a data acquisition card. All data was logged, using DAS wizard 
acquisition software, into Microsoft excel columns, from which, the temperature profile 
for a reaction could be graphed and displayed. 
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4 FLOW VISUALISATION 
4.1 Introduction 
The mixing efficiency of any liquid mixing device is dependent on the fluid mechanical 
conditions in the system. Mechanical agitation results in the bulk motion of fluid in the 
fon-n of eddies, which propagate through the fluid and interact with each other thereby 
reducing non-uniformi ties in the system. For the purpose of establishing design and scale- 
up rules for mixing equipment, it is desirable to have a knowledge of the fluid mechanical 
conditions that exist in a particular system. Such knowledge can be gained by flow 
visualisation, which involves adding small tracer particles to the fluid and observing their 
trajectories under conditions of fluid agitation. This method provides a good, qualitative 
understanding of mixing characteristics and has therefore been used in this investigation to 
study the flow patterns in the Perspex OBC. 
4.2 Experimental Facilities and Procedures 
Two pieces of metal sheet were fastened to one side of the framework of the 
Perspex OBC 
with a narrow vertical gap between them. An 80OW spot 
lamp was positioned behind the 
plates and the light was concentrated through the slot thereby projecting a sheet 
of light of 
30 mm. wide by 1.3 in high through the centre of the column. 
The water was seeded with 
conifer pollen powder of an average size of 
100 [tm. The density of the pollen particle 
when wet is very close to that of water, ensuring that in each 
experiment there is no settling 
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of the tracer particles and that the particles follow the flow faithfully. By positioning a 
camera perpendicular to the plane and darkening the laboratory, photographs could be 
taken that captured 2D images of the flow patterns. In total, over 200 35 mm photographs 
were taken covering oscillation frequencies of 0.25 -I Hz, oscillation amplitudes of 100 - 
180 mm, baffle free areas of 20,25 and 31% and baffle spacings of 500,600 and 800 mm. 
4.3 Results and Discussion 
4.3.1 Effect of Oscillation Frequency and Amplitude 
Flow visualisation photographs of the OBC operating at various oscillation frequencies and 
amplitudes are shown in Figures 4.1 and 4.2 respectively. These were selected from a 
large number of photographs taken as a general representation of what was observed. In 
all cases the onfice diameter and the baffle spacing were kept constant. It can be seen 
from the photographs that eddies were formed behind the moving baffles under each of the 
conditions tested, similar to those observed in a 50 mm diameter OBC (Gough et al, 1997). 
This is an important result as it demonstrates that efficient eddy mixing can easily be 
achieved in an OBC of this scale. The effect of the oscillation frequency on such flow 
patterns (Figure 4.1) suggests that an increase of the oscillation frequency, while keeping 
the oscillation amplitude constant, resulted in an increase in the intensity of the mixing, as 
indicated by the chaotic particle trajectories shown in the photographs. Similar features 
were also observed for the oscillation amplitudes at a constant 
frequency (Figure 4.2). 
These results are expected as an increase of either the frequency or amplitude leads to an 
increase in the oscillatory velocity, thereby producing faster moving and more energetic 
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eddies, which in turn leads to better mixing. It also appears that at higher oscillation 
amplitudes the eddies formed were larger and occupied a greater percentage of the inter- 
baffled cavity, and such a trend was less noticeable for the higher oscillation frequencies. 
This implies that the oscillation amplitude could be the governing factor In determining the 
length to which a vortex propagates through the fluid. 
4.3.2 Effect of Orifice Diameter 
The orifice diameter is a key geometric parameter and thus has a significant influence on 
the fluid mechanics. It is therefore important to identify a feasible range of onfice 
diameters over which good mixing can be achieved. 
In order to examine the effect of the orifice diameter on the flow patterns in the 
OBC, three orifice areas of 20,25 and 31 % of the cross-sectional area, corresponding to an 
orifice diameter of 170,190 and 210 mm respectively, were investigated while keeping all 
other parameters constant. Typical results are shown in Figure 4.3 from which it is evident 
that there were strong eddy motions within the baffled region for all the three baffle 
diameters tested. This indicates that all three of the constriction ratios tested in this study 
are suitable for use in oscillatory baffled tubes. It also appears that the eddy activities at cc 
=31% were less intensive than those at either a= 25% or 20% and there were occasional 
zones lacking of the chaotic particle movements. On the whole, however, this is what is 
expected as reducing the orifice diameter increases the velocity at which the fluid passes 
through the ofifice and hence increases the intensity of the eddy mixing achieved. 
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4.3.3 Effect of Baffle Spacing 
An appropriate baffle spacing creates an optimal environment for eddies to propagate 
within each baffled cavity. If the spacing is too small there will be insufficient room for 
the eddies to develop and if too large the eddies will diminish within the baffled cavity, 
resulting in stagnant regions within the column. In bench scale OBCs, the optimal baffle 
spacing reported is between 1.5 and 2 times the column diameter (Brunold et al., 1989; Ni 
and Gao, 1996a, Zhang et al., 1996; Ni et al., 1998a). To find out if such spacings would 
be applicable to the larger scale OBC, three baffle spacings of 500,600 and 800 mm, 
corresponding to 1.25,1.5 and 2.0 times the column diameter respectively, were tested for 
various oscillation amplitudes as shown in Figures 4.4,4.5 and 4.6. It is observed that 
when operating with a low oscillation amplitude of 100 mm the eddies covered the entire 
baffled cavity when the spacing was low (Figure 4.4A) and substantial stagnant regions 
were observed at the higher baffle spacing of 800 mm (Figure 4.4Q. With an increase of 
the oscillation amplitude the development of eddies encompassed the whole region even at 
a baffle spacing as high as two times the column diameter. This indicates that the baffle 
spacing and the oscillation amplitude are closely related. In order to assess this 
relationship a further set of experiments was carried out to physically measure the extent to 
which eddies occupied fixed baffled cavities at different oscillation amplitudes. This 
procedure involved marking the starting and finishing points of eddies as they propagated 
along the column. These measurements are summarised in Tables 
4.1,4.2 and 4.3 for 
baffled cavities of 500,600 and 800 mm respectively, in which the 
length to which an eddy 
propagates along the column, L, is compared with the oscillation amplitude, x, 
The 
empty boxes in tables indicate conditions under which no measurements 
could be made due 
to the practical limitations of the rig. It can be seen 
from Tables 4.1-4.3 that with the 
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higher oscillation amplitudes the eddies propagated further along the column. In order to 
optimise the mixing capability of an OBC, the length of eddy propagation should be close 
or equal to the baffle spacing employed. It is evident form the results reported here that 
the ratio of the oscillation amplitude to the length of the eddy propagation (xIL, ) was 
always in the range of 0.15 - 0.3, therefore the optimum ratio of the oscillation amplitude 
to the baffle spacing should also lie within this range. This is in good agreement with that 
reported by Gough et al (1997), who, from their flow visualisation study in a 50 mm 
diameter OBC, suggested that the oscillation amplitude should be about one quarter of the 
baffle spacing. This is encouraging news as it suggests that the rule of determining the 
optimum baffle spacing could linearly be extended to larger columns with little 
modifications. 
4.4 Conclusions 
Flow visualisation observations are presented in this chapter, from which it has been shown 
that good eddy mixing can easily be achieved in an OBC of this scale. The intensity of 
this eddy mixing is controlled by the oscillation frequency and amplitude as well as the 
baffle orifice diameter due to the variations in fluid velocity induced by changing these 
parameters. Eddy propagation is governed by the oscillation amplitude and an amplitude 
equal to approximately one quarter of the baffle spacing 
has been identified as optimum, 



























































Table 4.1: Effect of oscillation frequency and amplitude on the length to which 
eddies propagate through the baffled cavity (baffle spacing = 800 mm) 
Baffle Oscillation Oscillation Amplitude (mm) 
free are a frequency 100 140 180 







0.25 415 0.24 600 0.23 630 0.29 
31 0.5 415 0.24 600 0.23 680 0.26 
0.75 420 0.24 600 0.23 - - 
1.0 420 0.24 - - - - 
0.25 630 0.16 700 0.20 800 0.23 
25 0.5 570 0.18 660 0.21 800 0.23 
0.75 570 0.18 590 0.24 - - 
0.25 550 0.18 700 0.20 800 0.23 
20 0.5 600 0.17 725 0.19 800 0.23 
0.75 600 0.17 - - - - 
76 
Table 4.2: Effect of oscillation frequency and amplitude on the length to which 
eddies propagate through the baffled cavity (baffle spacing = 600 mm) 
Baffle Oscillation Oscillation Amplitude (mm) 
free are a frequency 100 140 180 







0.25 420 0.24 470 0.30 600 0.30 
31 0.5 420 0.24 480 0.29 600 0.30 
0.75 440 0.23 480 0.29 - - 
1.0 450 0.22 - - - - 
0.25 470 0.21 600 0.23 600 0.30 
25 0.5 530 0.19 600 0.23 600 0.30 
0.75 540 0.19 - - - - 
0.25 500 0.20 600 0.23 600 0.30 
20 0.5 510 0.20 600 0.23 600 0.30 
0.75 520 0.19 - 0.23 - - 
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Table 4.3: Effect of oscillation frequency and amplitude on the length to which 
eddies propagate through the baffled cavity (baffle spacing = 500 mm) 
Baffle Oscillation Oscillation Amplitude (mm) 
free area frequency 100 140 180 







0.25 420 0.24 460 0.30 500 0.36 
31 0.5 440 0.23 480 0.29 500 0.36 
0.75 440 0.23 490 0.29 - - 
1.0 450 0.22 - - - - 
0.25 500 0.20 500 0.28 500 0.36 
25 0.5 500 0.20 500 0.28 500 0.36 
0.75 500 0.20 - - - - 
0.25 500 0.20 500 0.28 500 0.36 
20 0.5 500 0.20 500 0.28 500 0.36 
0.75 500 0.20 - - - - 
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5 OIL-WATER DISPERSION 
5.1 Introduction 
The ability to completely disperse one immiscible liquid into another is essential to the 
process of suspension polymerisation. Complete dispersion occurs when the mixing 
intensity is high enough that no stratification exists between the two phases and the 
dispersed phase exists entirely as droplets in the continuous phase. If OBRs are to be used 
for suspension polymerisation then complete dispersion of monomer in the aqueous phase 
must be readily achievable. This has already been demonstrated on a bench scale OBC 
(Zhang et al., 1996) but as yet no work has been reported in larger devices. In this chapter, 
the resulting effects of varying operating conditions and baffle geometry on the 
characteristics of oil-water dispersion in the Perspex OBC are reported. 
5.2 Experimental Facilities and Procedures 
The Perspex OBC was used in all oil-water dispersion experiments. The oil phase used 
-3 was silicone oil of a density of 920 kgM and a viscosity of 5 m]Pa. s, and the aqueous phase 
was mains supply water. This is the same materials as that used by Zhang et al (1996) in a 
50 mm diameter OBC, therefore a comparison can be made between the two systems. The 
interfacial tension between the oil and water phases was measured using mutually saturated 
samples on a Torsion Balance, and was found to be 0.0205 Nm-1 at 21 
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Each experiment started by firstly adding the required amounts of water and the 
silicone oil to the column allowing the contents to settle until a clear interface was 
stabilized. The total operational volume, which depended on the baffle spacing applied, 
was 159 1,170 1 and 193 1 respectively for the baffle spacings of 500,600 and 800 mm so 
that the liquid surface was always of the same height above the highest baffle. 
A sampling point situated on the base of the column, as shown in Figure 5.1, was 
used to collect oil-water samples as this is the point in the column where the oil fraction is 
the lowest. The sampling procedure involved collecting an oil-water sample (approx 
100ml) in a measuring cylinder, allowing the oil and water layers to separate and then 
recording the volume fractions of oil and water in the sample. A relative fraction of oil has 





where f, is the relative fraction, f,,,, pj, the oil fraction in the sample (%) 
andfoverall the 
overall oil fraction initially used in the system (%). f, thus represents the degree of oil- 
water dispersion achieved in this pilot OBC. Therefore, f, =I refers to a uniform 
dispersion between oil and water as the oil fraction in samples equals that in the initial set- 
up in the column. 0, on the other hand, indicates that no oil trace was found in the 
sample and that the oil and water remain in separate layers with little or no mixing between 
the two phases. In addition, such a definition also allows comparisons to be made between 
experiments in which different overall oil fraction are used. 
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The effects of oscillation time, oscillation frequency, oscillation amplitudes, baffle 
spacing, onfice diameter and phase fraction were Investigated In this study. 
A 
3 
Figure 5.1: Location of sampling point 
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5.3 Results and Discussion 
Raw data from the oil-water dispersion experiments are listed in Appendix I 
5.3.1 Effect of Oscillation Time 
When oscillation of the baffles commenced the oil became dispersed in the water and the 
level of dispersion (i. e. f, ) increased with time. A typical dynamic response of the relative 
fraction, for four different oscillation frequencies at a fixed oscillation amplitude and baffle 
geometry, is shown is Figure 5.2, from which two key features can be extracted. Firstly, as 
time proceeded the relative fraction increased initially before reaching a steady state, after 
which it remained constant, and the relative fraction measured at this steady state was 
higher at higher frequencies. This indicates that the level of oil-water dispersion 
achievable is dependent on oscillation frequency, and in turn, on the oscillatory velocity 
(x, f), and that a uniforin oil-waterdispersion can only be achieved if the oscillatory velocity 
is high enough. This can be explained by considering the dependence of the dispersion 
process on fluid mechanics in the system. In order to disperse the oil into the water, the 
velocity of bulk fluid motion generated by the oscillations must be sufficient to overcome 
the terminal rise velocity of the oil droplets. At higher oscillatory velocities, the fluid is 
moving more quickly and hence is more capable of transporting the oil throughout the 
system. It is also the case that the more energetic eddies generated at higher frequencies 
break the oil into smaller droplets, which are easier to transport. The second notable 
feature in Figure 5.2 is that the rate of the rising of the relative fraction was greater at 
higher frequencies (oscillatory velocities) than at lower ones. This is a result of the more 
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rapid generation of eddies in the systern. Another interesting point is that the steady state 
at each of the oscillatory velocities (frequencies) was achieved in the first two to three 
minutes of the operation, reflecting the efficiency of the chaotic mixing established within 
the OBC. Therefore, all of the steady state data presented in the remaining part of this 



















Figure 5.2: Effect of time and oscillation frequency on level of oil-water dispersion 
achleved (x, = 140 mm, (x =31%, L= 600 mm) 
5.3.2 Effect of Operating Conditions on the Degree of Oil-Water Dispersion 
Figure 5.3 shows the effect of the oscillatory velocity (xl) on the relative fraction for 
variations in both oscillation frequency and amplitude. It is evident that the relative 
fraction increases in an almost linear fashion with xj before levelling off when complete 
dispersion is achieved. This indicates that the degree of dispersion that can be achieved in 
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the OBC is proportional to the oscillatory velocity. Similar results at different baffle free 
areas and baffle spacings are shown in Figures 5.4 and 5.5 respectively from which it can 
be seen that the near linear dependence of f, on x,, f is again observed at each of the baffle 
geomerties tested. Also, Figure 5.4 shows that higher relative fractions are obtained with 
the lower baffle free areas. This can again be related to fluid mechanics as a smaller 
orifice results in a greater fluid velocity (for a given oscillatory velocity) in the orifice, 
greater eddie velocities and hence more effective dispersion of the oil. The baffle spacing, 
on the other hand, does not have much effect on the relative fraction. This is due to the 
fact that while baffle spacing governs the extent to which eddies can propagate through the 
fluid, it has only as small effect on fluid velocity or mixing intensity. Therefore, only very 
high or very low values of baffle spacing (probably outwith the feasible operating range) 








0 Constant Xo 





0 0.02 0.04 0.06 0.08 
x"f (M/S) 

















++ 13 CI 









alpha = 31 % 
13 13 alpha = 25% 
+ 13 1-3 + alpha = 20% 
13 X xx 
0 0.02 0.04 0.06 0.08 
x0f (M/S) 
Figure 5.4: Effect of oscillatory velocity and (x on f, (L--600mm) 
)OK x IK aA 














0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
x0f (M/S) 
Figure 5.5: Effect of oscillatory velocity and baffle spacing on fr (a--25%) 
85 
5.3.3 Minimum Frequency for Complete Dispersion 
5.3.3.1 Derinition 
For liquid-liquid dispersion studies in stirred tanks the concept of a rmnimum agitation 
speed, at which a complete dispersion is achieved, has been used as the indicator for 
assessing the state of dispersion for different systems (Van Heuven and Beek, 1971; 
Skelland and Lee, 1978; Skelland and Seksaria, 1978; Skelland and Ramsay, 1987; 
Skelland and Kanel, 1990; Armenante and Huang, 1992). By applying the same principle 
to liquid-liquid dispersion in an OBC, the minimum agitation speed is replaced by a 
minimum oscillation frequency (Zhang et al., 1996). This frequency is of course 
dependent on the oscillation amplitude and the baffle geometry as well as the fluid physical 
properties. For the purpose of this study the minimum frequency for complete dispersion 
was defined as the lowest frequency at which the relative fraction at steady state was 
observed to be over 95%. Although complete dispersion, defined in this way, is in fact 
actually uniforin dispersion, it has been shown that there is not a great difference (typically 
8%) between the minimum agitation speed for complete dispersion and uniform dispersion 
in a stirred tank (Skelland and Lee, 1978). If it is assumed that this is also the case for the 
minimum oscillation frequency in an OBC, then a direct comparison between results from 
the present study and those previously reported in a 50mm OBC (Zhang et al., 1996), using 
the visualisation method, can be made with reasonable accuracy. 
86 
5.3.3.2 Effect of Amplitude and Baffle Geometry on fnin 
The minimum frequency for complete dispersion was obtained for a numbers of oscillation 
amplitudes at various orifice diameters and baffle spacings and the results are plotted in 
Figures 5.6 and 5.7 respectively. The general trend for both figures is that the minimum 
oscillation frequency decreased as the oscillation amplitude increased and this can be 
related to the fluid mechanics in the OBC. It has already been shown that the degree of 
dispersion of the oil is related to the oscillatory velocity. Therefore, the effect of an 
increase in amplitude can be balanced by using a lower frequency, and vice versa, in order 
to achieve the same fluid mechanical conditions. From Figure 5.6 it can be seen that when 
a smaller baffle free area is used, the minimum frequency for complete dispersion is 
reduced. This is for the same reason as described in section 5.3.2 with respect to fluid 
mechanics. It is also evident from Figure 5.6 that the effect of the orifice diameter on the 
minimum oscillation frequency was greater at the lower oscillation amplitudes than at 
higher ones. At the oscillation amplitude of 100 mm, for example, the minimum 
oscillation frequency decreased from 0.7 - 0.5 Hz as the orifice diameter decreased, while 
at the higher amplitude of 180mm. a lesser difference in the minimum oscillation frequency 
is observed. It is likely that this is linked to the fact that the increase in the power input 
due to an increase in the oscillation amplitude is far greater than that of a decrease in the 
orifice diameter, which is evident from the energy dissipation equation (2.5), where the 
power index for the oscillation amplitude is 3, while that for the baffle free area term is 2. 
Therefore, as the oscillation amplitude is increased, the effect of onfice diameter on the 
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Figure 5.7: Effect of amplitude and L on fmin ((x=25%) 
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The relationship of the minimum oscillation frequency and the baffle spacing is 
shown in Figure 5.7. It is again observed that the minimum frequency for complete 
dispersion decreases as the oscillation amplitude increases. It is also evident that the data 
collected at different spacings are close together, which suggests that the effect of the baffle 
spacing on the minimum oscillation frequency is weak. Again this can be related to fluid 
mechanics as discussed in section 5.3.2. 
The results shown in Figures 5.6 and 5.7 are in general agreement with what has 
been observed in a bench scale OBC (Zhang et al., 1996) although the oscillation 
amplitudes used on the bench scale were an order of magnitude lower than that in the 
present OBC and, consequently, the oscillation frequencies were, an order of magnitude 
greater. 
5.3.3.3 Effect of Oil Phase Fraction 
The effect of the overall oil fraction on the minimum oscillation frequency was also 
investigated and four oil fractions of 10%, 20%, 30% and 36% (v/v) were examined. 
Figure 5.8 shows some typical results of these experiments, which indicate that the oil 
fraction had a negligible effect on the minimum oscillation frequency. This is again 
consistent with the previous findings of Zhang et al (1996) and can be attributed to the fact 










Figure 5.8: Effect of oil phase fraction on fmi,, (x,, =140mm, cc=25%, L--600mm) 
5.3.4 Effect of Energy Dissipation 
The effect of energy dissipation (evaluated from eqations 2.4 and 2.5) on the relative 
fraction is shown in Figure 5.9. It can be seen that as the energy dissipation is increased, 
the relative fraction also increases. This is expected as higher energy dissipation means 
higher mixing intensity as a result of more rapid eddy motion in the system. It can also be 
seen that an energy dissipation of about 0.5W/kg is required in order to achieve complete 
dispersion and so, on conclusion, the OBC should always be operated at an energy 
dissipation above this threshold value when carrying out any liquid-liquid dispersion 
process. 
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Figure 5.9: Effect of energy dissipation on f, 
5.3.5 Scale-up 
5.3.5.1 Effect of Scale-Up on Minimum Energy Dissipation 
1 
The energy dissipation required to achieved complete dispersion, compared with that in a 
bench scale (50 mm. diameter), is shown in Figure 5.10 for different baffle free areas. In 
both devices, the baffle spacing was 1.5 times the column diameter and the ratio of 
oscillation amplitude to baffle spacing was 0.16. It can be seen that the energy dissipation 
required is lowest at a baffle free area of about 25% in both cases, which indicates that this 
is the optimum onfice size to use. It can also be seen that the energy dissipation rate 
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required is different in the two OBCs, indicating that energy dissipation can not be used as 
a scale-up criteria for determining the point of complete dispersion in OBCs. 
1 
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Figure 5.10: Minimum energy dissipation for complete dispersion 
This can be explained by considering the relationship between energy dissipation and 





p= 2pN 1-a 
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X3603 (2.5) 
V 3nC2 a20 D 
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Also, the baffle spacing and oscillation amplitude can be expressed in terms of column 





xo = K2D (5.3) 
Therefore, for a given liquid-liquid system (i. e. constant density): 




or, for a particular geometric configuration (i. e. KI, K2and (x are constant): 
E oc D2f3 (5.5) 
Therefore, for columns of diameter D, and D2operating at the same energy dissipation rate: 
D2323 (5.6) ý f, = 
D2 fý 












Therefore, from equations (5.7) and (5.8): 
1V3 
(XO f )2 = 
D2 (X0 f )l (5.9) 
Di 
It is evident from equation (5.9) that as the column diameter increases, the oscillatory 
velocity increases as well, which would result in more effective dispersion of the oil. 
5.3.5.2 Effect of Scale-Up on Minimum Oscillatory Velocity 
The minimum oscillatory velocity required for complete dispersion is plotted in Figure 5.11 
for both the 50mm diameter column and the380mm diameter column. It can be seen that a 
lower oscillatory velocity is required in the smaller diameter column, indicating that 
oscillatory velocity is also a poor scale-up criteria. This is related to the fact that, to 
achieve complete dispersion, the velocity of the fluid in the system must be able to 
overcome the settling velocity of the oil droplets, which depends on droplet size (by 
equation 5.10, i. e. Stoke's law) and hence on energy dissipation rate (as outlined in chapter 
2.2.2). Therefore, the result of operating two columns of different diameter at the same 
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oscillatory velocity, would be more effective dispersion of oil in the smaller column due to 
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Figure 5.11: Minimum oscillation frequency for complete dispersion 
5.3.5.3 Scale-Up Correlation 
As neither energy dissipation or oscillatory velocity can be used on its own as a reliable 
scale-up criteria for liquid-liquid dispersion in an OBC, a rule must 
be established that 
takes the influence of both of these factors into account. In light of these findings a scale- 
up relationship is derived below based on the assumption that the governing 
factor for 
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achieving complete dispersion is that the terminal settling velocity of the oil has to be 
balanced by the velocity of bulk fluid movement. 
Combining equation (5.10) with the theory outlined in section 2.2.2 and equation 
(5.4), it is evident that the terminal settling velocity of an oil droplet can be expressed as: 





where the power index a is determined by the droplet breakage and coalescence rates and 
can vary from -0.25 to -0.5. 
Also, the maximum velocity of the fluid moving in the system is proportional to the 
oscillatory velocity and inversely proportional to the baffle free area. Therefore, the 
requirement for complete dispersion is given by: 
a 




Dfýn (-0.5_<a<_-0.25) (5.12) 
a_K, a 
which can be rearranged into: 
k Il(1-3a) ,_ a2 
aaD 
(2a-1) l(1-3a) (- 0.5 <- a <- -0.25) (5.13) fnü nKa l(1-3a )K2 2 
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For a given liquid-liquid system, of constant physical properties, it is reasonable to 
assume that a, in the above equations is a constant. 
configuration, equation (5.13) can be expressed as: 
fniin 
= KD" (-0.86:! ý b:! ý -0.8) 
Therefore, for a given geometrical 
(5.14) 
Applying this relationship to the experimental data plotted in Figures 5.10 and 5.11, 
the required value for the exponent b was found to vary from -0.75 to -0.78 (depending on 
baffle free area) as shown in Figure 5.12. This is slightly outwith the range that is 
expected form equation (5.14) and returns a value of a of -0.86, which is considerably 
outwith the range predicted by equation (5.12). This apparent discrepancy between 
predicted and experimental results can be attributed to the fact that a different experimental 
technique was used to obtain the data in each of the columns. Complete dispersion, as 
determined by the sampling technique used in the present work, is in fact unifonn 
dispersion, which is a different condition form the state of complete dispersion, as 
determined by the visualisation method used by Zhang et al (1996) in the 50mm diameter 
OBC. The two conditions are related however and it has been shown that, for a stirred 
tank, the minimum stirrer speed for uniform dispersion is typically 8% greater than the 
minimum stirrer speed for complete dispersion (Skelland and Lee, 1978). If this 
relationship is also assumed to exist in OBCs then the error induced by the difference in 
experimental techniques can be compensated for by increasing thefniindata from the 50mm, 
diameter OBC by 8%. Figure 5.13 shows a plot of the corrected data, from which the 
typical values of b and a are -0.8 and -0.5 respectively, which are within the ranges 
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By taking b= -0.8 (a = -0.5) and substituting the appropriate geometrical 
expressions for K, and K2, equation (5.13) can be re-written as: 
= Ko, 




D -0.8 fnýn 
X0 Da2 (5.15) 
and from the experimental data collected in this study and that reported by Zhang (1997) in 
a 50mm OBC, the best fit coffelation was found to be: 
0.1 




D -0.8 fmin 
)(D 2 
(5.16) 
which, as can be seen from Figure 5.13, provides a reasonably good fit to all of the 
experimental data obtained from both the 50 mm. diameter OBC (x, = 11.8mm, a= 20 -30 
%, L= 45 - 90 mm. ) and the 380 mm diameter OBC (x, = 100 - 180 mm, (x = 20 - 30%, L 
= 500 - 600 mm). 
The relationship in equation (5.16) is also in reasonably good agreement with that 
reported in equation (2.9) for stirred tanks, in which the minimum stirrer speed for 
complete liquid-liquid dispersion to vary with impeller diameter to power of -0.71. 
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Figure 5.13: Comparison of correlation with experimental data 
5.4 Conclusions 
8 
Results of an oil-water dispersion study in an OBC of 380mm in diameter were reported in 
this chapter. It was found that that the degree of oil-water dispersion in the OBC increases 
linearly with the oscillatory velocity until a complete dispersion is achieved and the rate of 
such an increase was greater for smaller orifice diameters than for larger ones while the 
effect of baffle spacing was much lower. The minimum oscillation frequency for complete 
dispersion has been determined over a range of amplitudes and baffle geometries and it was 
observed this frequency was lower for higher oscillation amplitudes and lower orifice 
diameters and independent of baffle spacing. These results can be explained in terms of 
fluid mechanics and mixing intensity as using a higher frequency or amplitude or a lower 
onfice diameter results in the generation Of faster moving eddies which disperse the oil 
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more effectively, while varying the baffle spacing has little effect on the overall Mixing 
intensity. The effect of energy dissipation was also studied and it was found that there 
exists a threshold value of about 0.5 W/kg above which complete dispersion is achieved. 
Results from this investigation were compare with those reported from a similar 
study in a 50mm diameter oscillatory baffled column. It was observed that neither energy 
dissipation nor oscillatory velocity provide reliable criteria for scale up and so a scale-up 
relationship was derived that takes into account the effect of both of these factors. This 
relationship provides a reasonably good fit to the experimental data and also agrees well 
with a previously reported correlation for liquid-liquid dispersion in stirred tanks. 
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6 HEAT TRANSFER 
6.1 Introduction 
In the process of suspension polymerisation it is crucial to closely control the temperature 
of the reactor contents in order to achieve the correct reaction conditions. This involves 
removing large quantities of heat form the reactor as the reaction is highly exothermic (AHR 
= -55.5 U/mol (Brandrup et al., 1999)). Heat transfer in bench scale OBCs has been 
studied previously and indicates that good heat transfer rates are easily achievable (Ni et al., 
1997). In this chapter, heat transfer data from the current device are reported and 
compared with that reported for a bench scale OBC and stirred tanks. 
6.2 Experimental Facilities and Procedures 
The stainless steel OBC was used for the heat transfer experiments. Thennocouples were 
positioned at two points along the height of the column (one in between the two baffles and 
one below the lowest baffle), each with the tip situated at the column centre, and were also 
located on the jacket inlet and outlet streams. All thermocouples were calibrated against a 
standard thermometer using a water bath, both before and after the study. 
Experiments were performed to determine both tube side and shell side correlations. 
To determine the shell side correlation, the heat transfer rates were determined at differeent 
shell side flowrates while maintaining tube side conditions constant. To determine the 
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tube side correlation, the column was charged with 25 1 of a two phase liquid-liquid 
medium and the effect of varying the oscillatory velocity, on the heat transfer rate, was 
determined for a given shell side flowrate. Details of the liquid-liquid recipe used, which 
was based on a confidential formulation supplied by Ineos Acrylics Ltd, are given below: 
Organic Phase: 
Methylmethacrylate: 9 kg 
Aqueous Phase: 
Distilled Water: 16 kg 
Colloid: 0.38 kg 
5% w/w Surfactant 1: 2.1 g 
Surfactant 2 0.42 g 
Ammonia solution 8.6g 
The absence of initiator ensures that no reaction occurs during these experiments and does 
not affect the heat transfer properties of the medium. 
6.3 Results and discussion 
6.3.1 Heat Loss from the System 
The heat loss form the system by natural convection was determined by first heating the 
reactor contents to a uniform temperature of 50'C, then continually monitoring the 
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temperature at two locations in the column under conditions of no oscillation and no shell 
side flow rate over a period of 30 minutes. The results are shown in Figure 4.1, which 
shows that the temperature remains approximately constant. Heat losses can therefore be 
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Figure 6.1: Temperature drop due to heat loss by natural convection 
6.3.1 Temperature Uniformity 
The effect of cooling without and with oscillation is shown in Figures 6.2 and 6.3 
repectively. It can be seen that without oscillation, liquid in the lower part of the reactor is 
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Figure 6.3: Temperature profile with oscillation 
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In contrast to this, however, the temperature profiles remain uniform along the length of the 
reactor throughout the cooling cycle when oscillating baffles are used. This can be 
attributed to the fact that the eddies generated by the oscillations provide a well mixed flow 
regime, which ensures that temperature uniformity throughout the column is maintained. 
It is also evident from Figures 4.1 and 4.2 that the contents are cooled more quickly in the 
case where oscillations are present. This result is expected as without oscillation, heat 
transfer is by conduction and natural convection which are relatively slow processes 
resulting in shallow temperature gradients at the wall and low heat transfer rates. With 
oscillations, however, the resulting eddy mixing present in the system convects heat away 
from the walls much more rapidly resulting in steeper temperature gradients and improved 
heat transfer. 
4.3.2 Shell Side Correlation 
In order to determine a correlation for the shell side heat transfer coefficient, temperature 
measurements were taken for varying shell side conditions while maintaining constant 
conditions on the tube side. This was done by modifying the experimental set-up so that 
hot water at a temperature of 50'C was continually pumped through the tube side at a 
constant flowrate, while cold water was passed through the shell side at 10,20,30 and 40 
I/min. No baffles or oscillation were used in these experiments. Time was allowed for 
steady state to be reached and the temperature was recorded at both the tube and shell side 
inlet and outlet. The experimental data is listed in Appendix 2.1. 
The rate of heat transfer (Q) in such a continuous system is defined by: 
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Q=Mc - AATm C PC 
(Tci" Mh Cph (Th.,,, - Thi,, )u 
where: m, = mass flowrate of cooling water (kg s-1) 
Cp, = specific heat capacity of cooling water (J kg-1 K-1) 
Tcjý, = jacket inlet temperature (K) 
Tc,,,, t = Jacket outlet temperature (K) 
Mh ..: mass flowrate on tube side (kg s-1) 
Cph: --specific heat capacity of water on tube side (J kg-1 K-1) 
Thjý, = Tube side inlet temperature (K) 
Thout -,,,: tube side outlet temperature (K) 
U= overall heat transfer coefficient (W M-2 K-1) 
A= heat transfer area (M) 
ATm = log mean temperature difference 
(6.1) 




ht ds hs 2 kt 
(6.2) 
where h, is the tube side heat transfer coefficient (W M-2 K- I ), hs is the shell side heat 
transfer coefficient 
(W M-2 K-1), kt is the thermal conductivity of the tube material (16 W m- 
1 K-1 for stainless steel) and d and d, are, respectively, the inner and outer diameter of the 
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inner tube (m). As the tube side conditions are maintained constant it can be assumed that 
the tube side coefficient is a constant for all experiments and hence eqn (6.2) can be 
expressed as: 
=dI+ const U ds hs (6.3) 
It is normal to relate the shell side coefficient to the shell side Reynolds number by 








and Dn is the hydraulic mean diameter of the flow area. The power index b in equation 
(6.4)varies from 0.45 (for laminar) to 0.8 (for turbulent) (Perry and Green, 1994). For each 
of the shell side flowrates tested in this work the shell side Reynolds number was below 
2000 indicating that the flow was laminar and so constant, b, in eqn (6.4) was fixed at 0.45. 
Therefore, equation (6.3) can be re-written as: 
I-kd 
-- const u ds iO, . 45 
+ (6.6) 
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Overall heat transfer coefficients were obtained from eqn (6.1) for each of the shell 
side flowrates tested and by plotting I/U vs I/Re AO . 45 (see Figure 6.4), a best fit correlation 
for h, was established as: 
h= 40Re 0.45 ss (6.7) 
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Figure 6.4: Correlation between l/U and 1/(Re, 
0.45 ) 
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6.3.3 Tube side correlation 
A number of experiments were performed to determine the effect of oscillation conditions 
on the tube side heat transfer coefficient. These experiments were performed by initially 
heating the reactor contents to 50'C and then apply cooling water at a constant flowrate of 
30 I/min for 5 minutes. During this period, the temperature of the jacket inlet and outlet 
streams, as well as that of the column contents, was recorded continuously. Oscillation 
frequencies of 0.6 - 2.0 Hz and oscillation amplitudes of 50 - 100 mm. were tested, for a 
fixed baffle geometry of cc = 25% and L= 315mm, and the raw experimental data from 
these experiments are listed in Appendix 2.2. 
In a batch system such as the one used here, the heat transfer rate is given by: 
dT 
MC CpC (Tci" - Te". MC --= UAAT,,, (6.8) p dt 
where M, Cp and T are the mass (kg), specific heat capacity (J kg-l K-1) and temperature 
(K) of the column contents respectively, t is time (s) and ATm is the log mean temperarure 
difference (K). Equation (6.7) can be rearranged by eliminating T,, ut to give: 
M Cp KT-T,, 
jj I -In -, - 
mc Cpc K, -I T- Tc,, 








Therefore, for any given set of oscillatory conditions the overall heat transfer 
coefficient can be established from eqns (6.9) and (6.10) and the tube side heat transfer 
coefficient can then be calculated from eqns (6.2) and (6.7). Details of calculated values 
are listed in Appendix 2.3. The effects of the oscillation frequency and amplitude on the 
tube side heat transfer coefficient are shown in Figure 6.5, from which it can be seen that 
heat transfer rates are higher at higher oscillation frequencies and amplitudes. This result 
is expected as increasing the frequency or amplitude results in an increase in n-nxing 
intensity thereby increasing the rate of forced convection in the system. 
For the purpose of comparison with other researchers, tube side Nusselt numbers 





and these have been correlated with the oscillatory Reynolds number and Prandtl number 
(see Figure 6.6) to yield the relationship in equation (6.12). 
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Figure 6.6: Heat transfer correlation 
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The correlation for heat transfer in a 50mm OBC, which used an oil as the tube side 
fluid, is given in equation (6.13) (Ni et al., 1997). On comparison of equations (6.12) and 
(6.13) it can be seen that the Nusselt number in both devices varies with oscillatory 
Reynolds number to a similar power index, which indicates that the nature of the 
relationship between the heat transfer coefficient does not vary with column size. It is also 
evident from equations (6.12) and (6.13) that lower Nusselt numbers are predicted, for a 
given oscillatory Reynolds number, in the larger device. This can be attributed to the fact 
that the two studies used different liquids therefore the variation in the constant is a result 
of the difference in the fluid physical properties between the two systems. 
Nu 0.474 Re 0.562 Pr 0.33 0 (6.13) 
A correlation has also been reported by Mackley and Stonestreet (1995), for heat 
transfer in a continuous oscillatory baffled tube, as: 
Re 2,2 
Nu =0.0035Re I*3 Pr 
1/3 
+0.3- 0 (Ren+ 800)' . 
25 (6.14) 
This correlation is quite different to the one reported here indicating that the operational 
mode of an oscillatory baffled device has an effect on the heat transfer characteristics. 
For heat transfer in stirred tanks the tank Nusselt number is related to the impeller 
Reynold's (ReST) number by (Howard, 1977): 
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0.24 
Nu = 0.73 Re 





This correlation is close to both the correlation obtained in this work and that of Ni et al 
(1997), which indicates that heat transfer capabilities in batch OBCs and stirred tanks do 
not differ substantially. 
6.3.4 Scale-Up 
Heat transfer studies in OBCs of 50 mm and 213 mm. diameter have yielded equations in 
the form of eqn (6-16) to describe the heat transfer characteristics, 
Nu = CRe 
a PrO. 33 (0.562: 9 a: 5 0.68) 0 (6.16) 
where C is a constant for a particular system. Equation (6.16) can be rearranged to: 
ht = 




As heat transfer in OBCs is forced convection driven, the heat transfer coefficient will be 
dependent predominantly on viscosity, oscillatory velocity and column diameter. 
Therefore, the effect of scale-up on the heat transfer coefficient can be written as: 
oc (x, f 
)' D ('-') P 
(0.33-a) (6.18) 
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This expression was used to correlate the data from the present study and that obtained in 
the 50 mm OBC (Zhang, 1997). The best fit relationship was found to be: 
ht = 0.24(x,, 
f )0.6'D-O"'ju -0.32 (6.19) 
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Figure 6.7: Scale-up correlation for heat transfer coefficient 
6.4 Conclusions 
Experimental heat transfer data in an OBR of 213 mm in diameter have been reported in 
this chapter. It was observed that temperature uniformity along the column was 
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maintained when oscillating baffles were present inside the column. It was also observed 
that the column contents could be cooled more quickly in the presence of baffles and 
oscillation than without, which was due to improved heat transfer characteristics as a results 
of forced convection induced by mechanical agitation. The effect of varying the 
oscillatory Reynolds number was studied from which it was found that increases in 
oscillation frequency or amplitude result in an increase in the heat transfer rate. A 
correlation has been established that relates the tube side Nusselt number to the oscillatory 
Reynolds number, which compares well with those reported in the literature for a smaller 
scale OBC and stirred tanks. The effect of column diameter on the heat transfer 
characteristics has also been studied and a scale-up correlation has been established that 
relates the tube side heat transfer coefficient to the column diameter, oscillatory velocity 
and fluid viscosity. 
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7 DROPLET SIZE DISTRIBUTION 
7.1 Introduction 
In the process of suspension polymerisation, the droplet size distribution of the dispersed 
monomer phase governs the particle size distribution of the final polymer product 
produced. Therefore, the ability to control this droplet size distribution (DSD) is crucial so 
that the polymer being manufactured complies with the product specification. 
The droplet size distribution is determined by the dynamic processes of droplet 
breakage and coalescence which occur simultaneously in the system, as described in 
chapter 2. For any given system, a steady state will eventually be reached and the DSD 
that is obtained depends on agitation intensity and the geometry of the vessel used. Design 
and scale-up criteria for DSD in stirred tanks are based on semi-empirical correlations, a 
number of which are already reported in the' literature. To date, few studies of this type 
have been conducted in OBCs, relating mean drop size to the energy dissipation in the 
system. In this chapter, results of a droplet study are reported. The work was carried out 
in the 213mm diameter OBC, using MMA as the dispersed phase and covering a range of 
operating parameters and baffle geometnes. 
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7.2 Experimental Facilities and Procedures 
7.2.1 Materials and Methods 
In each of the DSD experiments the stainless steel OBR was charged with the same liquid- 
liquid recipe as that used in the heat transfer experiments. Experiments to determine drop 
size distribution were performed over a range of operating conditions covering oscillation 
-frequencies of 0.4 - 2. OHz, oscillation amplitudes of 50 - 100mm, baffle free areas of 20, 
25 and 30% and baffle spacings of 263,315 and 368mm. 
7.2.2 Droplet Measurement Technique 
Droplets size distributions were determined using a droplet stabilisation method that 
involved collecting samples from the oscillatory baffled column and placing them under a 
microscope for analysis. 
7.2.2.1 Sampling and Stabilisation 
Sampling points were located at three points along the height of the column that allowed a 
sample column contents to be drained out. Sample ports consisted of a 2mm internal 
diameter tube fitted with a ball valve. For the results to be reliable, it was important that 
the drops were disturbed as little as possible by the sampling procedure and that they 
remained stable after sampling. By nature, the samples of droplets withdrawn from the 
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column were not stable and coalescence of the drops could be seen to occur by viewing the 
sample under a microscope. The following procedure was therefore developed in order to 
stabilise the collected drops. 
A small volume of the column contents was drained from one of the sample ports 
into a 100ml beaker containing a solution of 10ml of 50% w/w colloid solution and 10ml of 
1% w/w of sodium dodecyl sulphate (SDS) solution. When the drops entered the beaker 
they were immediately surrounded by the colloid thereby preventing coalescence from 
occurring. The SDS is a surfactant and helped the stabilised drops to separate out thereby 
preventing clustering. A small amount of the sample was then transferred to a glass slide 
and covered, allowing images to be taken under a microscope, where the drops were 
observed to remain stable, even for periods of up to one hour. It should be pointed out that 
the volume of drops in each sample would differ. 
7.2.2.2 Image Analysis 
The images from the microscope were relayed to a computer via a video camera and a 
cligitising board. Aquitas Image Analysis (IA) software from DDL (Dynamic Data Links) 
was used to view the images from the microscope which were then saved in bitmap form 
for analysis. A typical droplet image is shown in Figure 7.1. The Aquitas IA software 
was used to count and measure the diameter of all the drops in each image. The data was 
then exported to a spreadsheet in Microsoft Excel, which was used to produce droplet size 
distribution plots. From the DSD, the Sauter mean droplet diameter was determined from 
equation (2.26) 
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Figure 7.1: Typical droplet image 
7.3 Results and Discussion 
Droplet size distribution data from the droplet study are listed in Appendix 3. 
7.3.1 Droplet Number 
0 
(2.26) 
In order to minirruse the sampling and analysis time, it was important to establish how 
many droplets were required to produce a reliable distribution. To do this, analysis was 
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performed on an increasing number of images in order to determine the minimum number 
of droplets at which the size distribution remained unaffected. The results of this test are 
shown in Figure 7.2 It can be seen that for a droplet number of below 300 distributions 
changed with the droplet number but above 300 drops the distributions are more or less 
constant. Based on this result the minimum number of drops used in all subsequent 
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Effect of droplet number on drop size distribution 
Repeatability tests were performed to determine the consistency of the results. This was 
done by performing the same experiment on three different days and comparing the droplet 
size distribution plots obtained. The droplet size distributions and mean droplet diameters 
are shown in Figure 7.3 and Table 7.1 respectively, from which it can be seen that there is 
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good agreement between the results obtained on the three different days. This level of 
consistency indicates that the repeatability is of a high degree and provides confidence in 









0 50 100 150 200 
Droplet diameter (ýjm) 
Figure 7.3: Repeatability test (f=I. OHz, x, =75mm, cc=25%, L=315mm) 
Table 7.1: Sauter mean droplet diameters obtained from repeatability test 
Time of expedment Day I Day 2 Day 3 
_ d32 (ýM) 74.3 75.1 78.3 
7.3.3 Uniformity 
The variation of drop size distribution in the system with respect to position was studied by 
comparing drop size distributions obtained from three different locations in the column. 
The three sampling points of top, middle and bottom refer to a position above the top 
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baffle, in between the two baffles and below the lower baffle respectively. The results are 
presented in Figure 7.4 and Table 7.2 shows the variation of mean drop size with position. 
It can be seen that the droplet size distribution and mean drop size is reasonably uniform 
along the height of the column ensunng that a sample taken from any port will be 
representative of the entire system. Therefore, in all remaining experiments, only samples 
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Figure 7.4: Effect of sample location on drop size distribution 
(f=I. OHz, x, =75mm, cc=25%, L=315mm) 
Table 7.2: Effect of sample location on Sauter mean droplet diameter 
Sample location Top Middle Bottom 
d32 (ýM) 73.2 74.3 69.6 
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7.3.4 Effect of Oscillation Time 
At the start of an experiment the MMA and bulk liquid are stratified in the system and the 
MMA becomes dispersed as droplets once oscillation commences. After a certain time has 
elapsed the droplet size distribution of the dispersed phase becomes stable with respect to 
time and a steady state is established. It is important to know the time required for the 
system to reach a steady state of droplet distribution and this was determined by measuring 
the DSD at 15 minute intervals for I hour. The effect of oscillation time on the droplet 
size distribution and mean droplet size is shown in Figure 7.5 and 7.6 respectively. It can 
be seen that after 30 minutes of oscillation, the droplet size distribution and mean droplet 
diameter do not change much, indicating that a steady state had been achieved after this 
time. As a consequence of this, in all of the remaining experiments, the system was 
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Figure 7.5: Effect of oscillation time on DSD (f=I. OHz, x, =75mm, cc=20%, L=315mm) 
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Figure 7.6: Effect of oscillation time on Suater mean droplet diameter 
(f=I. OHz, x, =75mm, oc=20%, L=315mm) 
7.3.5 Effect of Oscillation Frequency and Amplitude 
7.3.5.1 Effect of Oscillation Frequency 
The effect of the oscillation frequency on the droplet size distribution is shown in Figure 
7.7, from which two noticeable features can be observed. Firstly, all of the plots exhibit a 
peak at around 15ýtrn and the height of this peak is greater at higher oscillation frequency. 
This indicates that a greater fraction of the existing drops are concentrated at the lower end 
of the droplet size range. Secondly, at higher oscillation frequency, the tail of the 
distribution plot is shorter or, in other words, the distribution becomes narrower. These 
results are expected and can be explained by considering the relationship between the 
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oscillation frequency and the energy dissipation in the system. Increasing the oscillation 
-C-- fie, quency increases the energy dissipation and hence increases the turbulence intensity in 
the system. An increase in turbulence will increase the droplet breakage rate thereby 
reducing the average droplet size and narrowing the distribution. 
The effect of oscillation frequency on the mean droplet diameter is shown in Figure 
7.8 for three different oscillation amplitudes. It can be seen that at each of the amplitudes 
tested, the mean drop size is decreased as the oscillation frequency is increased and that the 
relationship between d32 and f can be represented by a power law relationship. The best fit 
value of the exponent was found to lie the range -0.97 to -1 -II (± 0.1) at each of the 
amplitudes, which is close to the value of -1.2 observed in a 50mm diameter OBC (Ni et 
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Figure 7.7: Effect of frequency on drop size distribution 
(xo=100mm, (x=25%, L=315mm) 
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Figure 7.8: Effect of oscillation frequency on d32 (cc--25%, L=315mm) 
7.3.5.2 Effect of Oscillation Amplitude 
The effect of the oscillation amplitude on the drop size distribution is shown in Figure 7.9. 
It can be seen that the oscillation amplitude has a similar effect on the DSD as the 
oscillation frequency. This can again be related to the energy dissipation in the system, 
which exhibits a similar dependence on both frequency and amplitude (see eqn 2.5). 
The effect of oscillation amplitude on the mean droplet size is shown in Figure 7.10. 
It was found that mean droplet diameter varies with oscillation amplitude to a power of -1.2 
(± 0.035). This indicates that drop size is slightly more dependent on the oscillation 
amplitude than the oscillation frequency. This could be due to the fact that, while both 
contribute equally to the mixing intensity, the amplitude governs the extent to which eddies 
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propagate throughout the baffled cavity and so may play a slightly more dominant role in 
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Figure 7.9: Effect of amplitude on drop size distribution (f=0.8Hz, cc--25%, L=315mm) 
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Figure 7.10: Effect of oscillation amplitude on d32 (f=0.8Hz, (x=25%, L=315mm) 
128 
7.3.5.3 Effect of Oscillatory Velocity 
As both the oscillation frequency and amplitude contribute to the control of drop size 
distribution and mean droplet size in a similar manner, the effect oscillatory velocity (x, f) 
on the DSD is shown in Figure 7.11. It can be seen that the two distributions are close, 
indicating that the droplet size distribution is indeed governed by the oscillatory velocity. 
The effect of oscillatory velocity on the Sauter mean diameter, over all of the oscillation 
frequencies and amplitudes tested, is illustrated in Figure 7.12 and the best fit power law 
correlation is: 
d32 
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Figure7.11: Effect of frequency and amplitude, at constant oscillatory velocity on drop 
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Figure 7.12: 
1 
Effect of oscillatory velocity on d32 (cc--25%, L=315mm) 
7.3.6 Effect of Baffle Geometry 
In order to investigate the effect of baffle geometry, the experiments were repeated at two 
more baffle free areas of 20% and 30%, at a fixed baffle spacing of 315mm, and a further 
two baffle spacings of 263mm (1.25Di) and 368mm (1.75Di), at a fixed baffle free area of 
25%. 
7.3.6.1 Effect of Baffle Free Area 
The typical effect of baffle free area on the droplet size distribution is illustrated in Figure 
7.13. It was generally observed that using a smaller baffle orifice results in the generation 
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of smaller drops and a narrower distribution (shorter tail). The resulting effect on mean 
droplet size is illustrated in Figure 7.14, which shows how the orifice size affects the 
relationship between Sauter mean diameter and oscillatory velocity. It was found that for 
each of the orifice sizes tested, d32 varied with x, f to a power of approximately -1.11 (with 
an typical error of ±0.2) and that the mean drop size was smaller at smaller baffle free 
areas. These results are expected as decreasing the orifice area results in an increase in the 
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Figure 7.13: Effect of baffle free area on drop size distribution (f=I. OHz, x,, =75mm, 
L=315mm) 
It is also evident from Figures 7.13 and 7.14 that d32 is a much weaker 
function of 
baffle free area than of oscillatory velocity. This can be attributed to the 
individual 
contribution that these parameters make towards the energy 
dissipation in the system. As 
shown by equation (2.5), energy dissipation is dependent on 
baffle free area by the term (I- 
(X2)/(X2, which is much weaker than the oscillatory velocity term, 
(Xof)3 
. Also, the energy 
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dissipation increase is only 2.4 fold over the relatively short range (20 - 30 %) of baffle 
free areas tested and so the effect of orifice size on the drop size is difficult to determine 
accurately within the scope of experiments. 
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Figure 7.14: Effect of x, f and a on d32 (L=315mm) 
7.3.6.2 Effect of Baffle Spacing 
1 
The effect of the baffle spacing on drop size distribution is illustrated in Figure 7.15. It 
can be seen that the baffle spacing has little influence on the DSD. This can be attributed 
to the fact that the energy dissipation has only a weak dependence on baffle spacing and it 
is unlikely that any significant effect could be observed over the range of baffle spacings 
tested. The effect of the baffle spacing on the Sauter mean diameter is illustrated in Figure 
7.16 and d32 varied with x, f to a power of -1-11 (±0.25) for each of the 
baffle spacings 
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Figure 7.15: Effect of baffle spacing on drop size distribution 
(f=I. OHz, x, =75mm, cc=25%) 
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Figure 7.16: Effect of x, f and L on d32 (cc=25%) 
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7.3.7 Effect of Energy Dissipation 
All of the mean droplet size data collected, over the entire range of operating parameters 
and baffle geometries tested, are plotted against energy dissipation (as calculated by 
equations (2.4) and (2.5)) in Figure 7.17 and the best fit power law relationship is given by 
equation (7.2). The mean drop size varies with energy dissipation to the power of -0.35 
(±0.04), which is between the values of -0.25 and -0.4 predicted by isotropic turbulence 
theory for coalescence only and breakage only systems respectively, indicating that it is 
likely that both mechanisms are present in the system. 
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Figure 7.17: Effect of energy dissipation on d32 
d32 
= 1l(±O. 5) X 
10 -5 E -0.35 
(±O. 04) (7.2) 
A comparison of equation (7.2) with those obtained 
by other researcher in other 
liquid-liquid mixing devices is given in Table 7.3. It can 
be seen that in each of the 
10 
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devices, the dependence of mean droplet on energy dissipation shows a similar exponent 
but the preceding constant varies for different systems. This indicates that while the mean 
drop size varies between systems, the nature of the relationship between the energy G; 7. / 
dissipation and d32remains unchanged. 
Table7.3: Comparison of correlation for d32in different devices 
Device and Reference Correlation for d32 
Stirred Tank 
(Brown and Pitt, 1970; Van Heuven and Beek, 1971; d32 KE -0.4 
Mlynek and Resnick, 1972; Lee and Tasakorn, 1979; 
3.87 X 10-5 K !ý8.8 8X 10-5 
Zerfa and Brooks, 1996) 
Reciprocating Plate Column d32 = 3.2 1x 10-5 E -0.4 
(Baird and Lane, 1973) 
50mm Diameter OBR d32 = 6.80 x 10-5 E -0.4 
(Ni et al., 1998a) 
213mm Diameter OBR d32 = 11.0 X 10-5 E -0.35 
(Present study) 
7.4 Scale-Up Characteristics 
One of the main objectives of this study was to establish a scale-up rule for drop size in an 
OBR. The data collected has therefore been compared with that collected by Ni et al 
(1998a) who investigated the same liquid-liquid system in a 50mm diameter OBC. 
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Ni et al (1998a) used a baffle geometry comprising of a baffle spacing of 1.5 times 
the tube diameter and a baffle free area of 20% and reported that the correlation in equation 
(7.3) provided the best fit to their data. Using the same geometrical configuration in the 
213mm diameter OBC in this study yielded the relationship in equation (7.4). Good 
agreement can be seen between the power index in both equations indicating that the same 
trend exists between drop size and energy dissipation in the two columns. However, it can 
be seen that drop sizes are 3.75 times larger in the larger diameter column, indicating that 
oscillatory velocity is not a good scale-up criterion. 
d32 = 0.99 X 10-6 
(X 
of 
)-1.2 (50mm diameter OBR) (7.3) 
d32 
= 3.75 X 
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Figure 7.18: Comparison of the effect of energy dissipation on d32 in OBCs of 50mm and 
213mm in diameter 
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This result can partly be explained in terms of energy dissipation. Using a larger 
diameter column means using a larger baffle spacing in order to maintain the ratio of baffle 
spacing to column diameter within a feasible operating range. Therefore a 4-fold increase 
in diameter typically results in a 4-fold decrease in energy dissipation, which would result 
in larger droplets being produced. However, the average energy dissipation in the system 
also proves to be an unsuitable scale-up criterion as can be seen from Table 7.3 and Figure 
3.18, which shows the comparison between mean droplet size data collected over a range of 
energy dissipation in the two different columns. 
The lower power index and the larger droplets observed for the larger diameter 
column indicate that coalescence was more significant. In order to gain an understanding 
of why this is, the influence of all scale-up factors must be considered. The following list 
highlights the major changes that occur in the system when scaling from small to large: 
I I-Egher oscillatory velocity for a given energy dissipation (for a fixed baffle 
geometry) 
2 Ifigher oscillatory Reynolds number (due to larger diameter) 
3 Larger circulation zone (baffle cavity) 
4 Longer circulation time (due to lower frequency) 
5 Lower baffle edge length (oc D) per unit volume (oc D 3) (i. e. the amount of sharp 
edge available for flow separation to occur over) 
Larger primary eddies 
The fact that the larger OBC is showing signs of higher coalescence suggests that 
Factors 3 and 4 are most significant i. e. the longer circulation period of the drops is 
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allowing coalescence to occur much more readily in the larger column. Therefore, while 
equations and models derived from isotropic turbulence theory provide satisfactory 
understanding of basic phenomena, they cannot be applied universally to all situations 
without modification. 
Based on the experimental findings of this work and that reported by Ni et al 
(1998b), a scale-up correlation has been established as: 
d32 = 2.25 X 10-4 D 
0.4E-0.4 (7.4) 
where D is the column diameter (m). This equations is however based on data obtained 
from only two columns of different diameter and so further study is required to verify the 
applicability of this relationship to devices of other diameters. 
7.5 Conclusions 
In this chapter, results from a droplet study in a 213mm diameter oscillatory baffled reactor 
are reported. Drop size distribution and mean drop size data were determined over a range 
of operating parameters and baffle geometries and have been compared with previous 
findings by other researchers. 
Increasing the oscillation frequency or amplitude resulted in narrowing the drop 
size distribution and a reduction in mean drop size and this can be attributed to the increase 
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in energy dissipation experienced when operating at a higher oscillatory velocity. The 
mean drop size was found to vary in a similar manner with the oscillatory velocity to that 
reported in a smaller OBC, indicating the similarity in mixing characteristics between large 
and small scale devices. The baffle geometry was found only to have a weak, but 
noticeable, effect on drop size. A reduction in the baffle free area resulted in the 
generation of smaller drops, which can again be attributed to the effect of energy 
dissipation. Baffle spacing on the other hand had little effect on the drop size distribution 
and no real trend was evident. 
Comparison with work reported by other researchers indicates that while drop size 
varies between devices, the dependence on energy dissipation does not change 
considerably. An investigation of scale-up characteristics for oscillatory baffled columns 
indicates that larger drops are produced in a larger diameter column; for a given energy 
dissipation. This is attributed to a combination of the longer circulation periods and the 
presence of less well defined fluid mechanics in columns of larger diameter. A scale-up 
correlation incorporating column diameter, is proposed for the system investigated but 
more experimental data, at different column diameters, is needed to verify this relationship. 
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8 BREAKAGE AND COALESCENCE MODELLING 
8.1 Introduction 
The evolution of the dispersed phase droplet size distribution in a liquid-liquid 
dispersion is governed by the droplet breakage and coalescence processes. The 
nature of these interactions is dependent on a number of parameters, such as mixing 
intensity, geometry of vessel and agitator, phase fraction, fluid physical properties, the 
presence of stabilisers, etc. Prediction of breakage and coalescence rates is therefore 
difficult and must be done by using a mathematical model with experimental data. 
Such an approach has been applied in this work. This chapter describes the 
development, evaluation and validation of a model for calculating droplet breakage 
and coalescence rates. 
8.2 The Model 
The model that is employed in this work is based on that originally developed by Saye 
(2001), within the C. O. B. R. A. group, for the evaluation of droplet breakage and 
coalescence rates from experimental drop size distributions. The model utilises an 
approach which is similar to that of the discretised population balance method by 
Laso et al. (1987), but in absence of any a priori assumption of functional form for 
breakage and coalescence rates. This itself is in contrast to the traditional approach. 
In the model, the conservation of volume is satisfied, and both breakage and 
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coalescence rates are the unknowns, and have to be evaluated from the experimental 
data. 
8.2.1 General assumptions 
For a liquid dispersion within the OBR, Vdis the total volume of the dispersed phase, 
which consists of a number of drops of various sizes. It is the number and sizes of all 
drops forming Vd that define a drop size distribution at any given time t. It is 
assumed that the conservation of volume can be applied as the effect of pressure 
variation in OBRs on the drop volume is negligible. There should be therefore no 
growth in drops, and coalescence of two drops of volumes, vi andV2, will result in a 
droplet with a total volume Of VI+V2- Similarly, the volumes of drops formed by 
breakage should equal to the volume of the initial mother drop. 
Mixing is assumed to be efficient enough for droplets in Vd to be uniformly 
distributed in space. The enhanced and more uniform mixing provided by the OBR 
justifies the assumption faithfully. Consequently, the drop size distributions will not 
vary in space, but are a function of time. Furthermore, the variations of the DSDs 
with time are solely driven by the processes of breakage and coalescence. In other 
words, the model does not account for dispersion or transport of droplets, or any 
effect due to gravity. 
141 
8.2.2 Droplet Discretisation 
The model uses a geometrical discretisation of the drop volume scale, similar to that 
reported by Hounslow et al. (1988). The characteristic volume of drops in any given 
class is V2 times the characteristic volume of the previous class, corresponding to a 
diameter ratio of 2 1/6 Because of the V2 ratio, the characteristic volume of the 
classes doubles every second class. Figure 8.1 is the schematic diagram showing the 
discretisation of drop classes. Although any other ratio could have been used, we 
found that the -ý2 ratio is a sensible balance between generating fine enough drop 
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8.2.3 The Continuity Equation of Volume Fraction 
On the basis of the assumptions and the discretisation rule described above, the full 
continuity equation of drop distribution based on the discretised population balance 
equation can be simplified to: 
af (t) = B, ' + Bi- + Ci' + Ci- at 
(8.1) 
Where Bi'(t) and Bj- (t) are the birth and death rates of drops occurring in class i 
because of breakage, Cj' (t) and Cj- (t) are the birth and death rates in class i due to 








Where nkj is the number of drops with volume Vk in any class j of the distribution. 
I is always valid. For this the condition of I 
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8.2.3.1 Breakage Equations 
In establishing the droplet breakage term, the binary breakage mechanism is adopted. 
Although other methods of droplet breakage have been reported (Tsouris & 
Tavlandes, 1994), this assumption allows simple relationships and less computational 
complexity. Under this assumption, a drop of volume, v, will break up into two 
equally sized drops of a volume, v/2. By the conservation of volume, the breakage of 
drops from a class i will result in a fraction of volume available in class i travelling 
two classes down to class (i-2). If gi is the fraction of a drop volume leaving class i 
per unit of time, commonly known as the breakage rate then the class i undergoes a 
loss of volume of gifiVd per unit of time, which is expressed in terms of volume 
fraction as: 
afi 
= -gifi at 
(8.3) 
Applying the conservation of volume, the same amount of volume allocated to class 
(i-2) is: 
afi 






Bi' (t) =gi+2fi+2(t) (8.6) 
In a more concise manner, g is defined as a vector containing the breakage rates over 
all classes of the distribution. The breakage rates are assumed to be independent of 
time, and their dimension is the reciprocal of time (/s). As the rates are defined in 
terms of fractions of volume, their values are in between 0 and 1. Furthermore, in 
order to maintain the consistence of the breakage equation with the drop classes, no 
droplets with a volume less than a minimum volume in the distribution should be 
formed by breakage, for example, breakage is not permitted in the first two classes, 
consequently 91920 
8.2.3.2 Coalescence Equations 
Coalescence is a more complex phenomenon than breakage as it involves drops from 
various classes of a distribution. The general scheme would be a drop from a class i 
interacting with a drop from a class j, and the resulting coalesced drop moving into a 
suitably identified class k. In the model, only three types of drop interactions are 
considered in establishing the coalescence equations, and they are: 
Type (a): coalescence of drops from the same class (j=i), 
Type (b): coalescence of drops from two adjacent classes U=i±l), 
Type (c): coalescence of drops from classes one class apart U=i±2). 
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In other words, a drop from any given class can interact with drops from five classes. 
It is assumed that coalescence always involves the same number of coalescing drops. 
This is necessary in order to identify the class into which the resulting coalesced drop 
falls. In the model, the coalescence is also a binary process, meaning that one given 
drop will coalesce with another drop. This is in line with the assumptions commonly 
reported in the literature regarding coalescence (Coulaloglou & Tavlarides, 1976, 
1977; Tsouris & Tavlandes, 1994). When two drops are coalescing with volume vi 
and vj respectevely, the volume of the resulting drop is thus vi + vj. To fullly model 
the effect of drop coalescence, one needs to determine to which class k this total 
volume corresponds. This operation is made difficult by the choice of a geometric 
discretization of the volume range. 
For the three interactions described above, one needs to identify the class k for 
each interaction. For example, for Type (a), k= i+2. For Types (b) and (c), the 
coalesced droplets do not fall into a single drop class, but two adjacent ones, i. e. 
classes (j+1) and (j+2), with j>i. In those cases, ratios are used to properly describe 
how the total volume is split between the two classes after coalescence. For Type 
(b), for instance, a fraction kb, I will be allocated to class 0+1), while a fraction 
kb, 
2=1-kb, l toclass 0+2). Likewise for Type (c), a fraction kc, l will be allocated to 
class 0+1), and a fraction k,,, =1-k,,, to class 0+2). The values of 
kb, I, kb, 2, k,,, and 
k,, 2 can be computed based on the assumption that droplet volumes are uniformly 
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, 
8i, j is the fraction of a drop volume in class i interacting with class j per unit 
of time, known as the coalescence rate. The class i thus undergoes a loss of volume 
18ij 
Vd expressed in terms of volume fraction as: 
afi 
-j6i, j fi (8.7) at 
In a similar manner, the class j undergoes a loss of volume, 8j, i fjVd as 
afj 
--, ý -fl (8.8) at i1i 
fj 
i 
This will result in gains in both classes (j+1) and (j+2) respectively 
afj+l 












where x stands for the type of interactions involved (x =V or 'c'). In the particular 
case of Type (a), this results in a loss in class i as: 
afi f-A, i 
f= -2,8i, i f at 
(8.11) 
147 
and a gain in class (i+2) being: 
afi+2 
2,6i, i (8.12) at 
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The loss for Type (c) in class i is 
at 
loss (C) 
= -AJ-2 fi 18ij +2 
fi (8.17) 
and the gain is: 
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The coalescence rates, 8j, j can then be gathered into a non-symmetrical matrix 
p. The total loss Bj- undergone by class i is derived as the sum of the losses: 
Cl- = -(2A, i + 18i, i-I +A, i+l + 
)6i, i-2 
+ 
igi, i+2)fi (8.19) 
It can be seen that five coefficients fli, j are needed at most in order to describe the 
effects of coalescence on class i, and this is the consequence of only three drop 
interactions being accounted for in the model. The overall coalescence rate in class i 
is 
(8.20) A, 




The three individual rates for each Type of interaction can also be computed as: 
PType(a), 









PiJ-2 + Pi, 
i+2 (8.23) 
All coalescence rates are considered to be independent of time, and their 
dimension is the reciprocal of time (/s). Because the rates are also defined in terms of 
fractions of volume, their values are too in between 0 and 1. Furthermore, there are 
also restrictions on coalescence, similar to the breakage, as coalescence in some of the 
drop classes would result in drops with the size, which is larger than a maximum 
volume in the distribution. These interactions include the first four and the last three 
drop classes. In these cases, only the interactions of drops that result drop volumes 
being less or equal to the maximum volume are considered in the model. 
8.2.3.3 The Combined Model 
By combining both the breakage and coalescence equations, a linear differential 
model is obtained as: 




where f stands for the vector consisting of the volume fractions fi, and Aa mass 
matrix that is derived from both vector g and matrix P- The volume fractions in all 
the classes in eq. (24) are a function of time. To solve the linear differential 
equation, an initial condition is needed, which is a droplet size distribution at any 
given time from experiments. 
By varying vector g and/or matrix P, the solution of f can be modified so 
that it fits the experimental distributions f. An objective function can then be 
ýP. 
built, which utilises g and P as variables to compute the normal of the error vector 
(f 
- 
fexp )- The error returned by the objective function is minimised by varying 
vector g and matrix P- When global MInima of the objective function are reached, 
g and P are then the breakage and coalescence rates that govern the evolution of the 
volume fractions 
fexp with time. The model equations are solved using Matlab in the 
form of several code modules, the integration is carried out using Euler's method with 
a time step of 1 minute. It can be seen that the advantage of not pre-assume any 
functional form for breakage and coalscence rates in the model is achieved at the 
expense of minimizing a large number of parameters. 
f 
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8.3 Experimental Facilities and Procedures 
8.3.1 Experimental Set-Up 
All DSD data used in the model were collected from the stainless steel OBR, which 
was operated with a fixed baffle geometry of (x = 25% and L= 315mm. Two liquid- 
liquid recipes were studied, the details of which are outlined in Table 8.1. MMA(l) 
is the same recipe as that used in the heat transfer droplet size distribution 
experiments. N4MA(2), on the other hand, contains a large amount of surfactants, 
which significantly inhibits coalescence and allows the system to operate with 
breakage only. Droplet size distributions were obtained using the same sampling and 
analysis technique as outlined in Chapter 7. 
Table 8.1: Specification of MMA Recipes 
NINU() NINU(2) 
Continuous Phase: 
Water 16 kg 16 kg 
Colloid 0.38 kg 0.38 kg 
Surfactant 1 2.1 g 21 g 
Surfactant 2 0.42 g 0.42 g 
Ammonia Solution 8.6 g 8.6 g 
Dispersed Phase: 
MMA 9 kg 9 kg 
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8.3.2 Procedures 
8.3.2.1 Breakage-Only Experiments 
Experiments were performed to determine the breakage rates of droplets in a non- 
coalescing system. Recipe MMA(2) was used In these experiments and the DSD was 
measured every 10 minutes for a time period of 50 minutes. This procedure was 
carried out at frequnecies of 0.6,1.0 and 1.4 Hz at an amplitude of 75 mm and at a 
further two amplitudes of 50 and 100 mm at a frequency of 1.0 Hz. The DSD data 
collected are listed in Appendix 3.2. 
8.3.2.2 Experiments with Breakage and Coalescence 
Table 8.2: Range of operating parameters studied in experiments to determine 







75 1.4 0.6 
75 1.4 0.8 
75 1.4 1.0 
50 2.0 0.8 
100 1.0 0.8 
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Experiments using recipe MMA(l) were conducted to obtain DSD data from a system 
in which breakage and coalescence occurred. The system was initially agitated at an 
oscillatory velocity of 100 mm/s for 30 minutes, which allowed a stable dispersion to 
be achieved, and the drop size distribution was determined. This was followed by a 
step reduction in the oscillation frequency and DSDs were again measured in 10 
minute intervals for 50 minutes. The range of operating conditions studied is 
outlined in Table 8.2 and the DSD data collected are listed in Appendix 3.2. 
8.4 Results and Discussion 
8.4.1 Breakage-Only Experiments 
In the case of the breakage-only experiments, the high surfactant concentration of 
recipe NMA(2) effectively eliminates coalescence of droplets in the system. Under 
such conditions the model can be simplified by setting the coalescence rates to zero, 
i. e. C, ' (t) + Cl- (t) = 0. This simplified model was used to evaluate droplet breakage 
rates in the system under each of the conditions tested. 
The effect of the oscillation frequency and amplitude on the droplet breakage 
rates are shown in Figures 8.2 and 8.3 respectively. Two significant features are 
exhibited by these graphs. Firstly, it can be seen that the droplet breakage rate is 
higher for larger droplet diameters. This is expected, as larger droplets are more 
likely to deform and break in a turbulently agitated system than smaller ones. 
Secondly, it is evident that breakage rates are higher at higher oscillation frequencies 
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and amplitudes. This is also expected as using a higher frequency or amplitude 
increases the energy dissipation in the system, which, in turn, results in a more 
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Figure 8.3: Effect of amplitude on breakage rate (f = 1. OHz) 
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8.4.2 Experiments with Breakage and Coalescence 
In the case where recipe MMA(1) was used, no simplifications were made to the PBE 
and the model, as described in section 8.2, was used to evaluate the breakage and 
coalescence rates. Figures 8.4 and 8.5 show respectively breakage and coalescence 
rates evaluated by the model over a range of operating parameters. It can be seen, 
from Figure 8.4, that varying the frequency had no identifiable effect on the 
calculated breakage rate with typical values of about 0.18 A (accepting some 
scattering) being returned for each of the frequencies tested. This result could be due 
to the fact that the range of frequencies studied (0.6 - 1.0 Hz) may have been too 
narrow for the effect to be detected within the accuracy limits of the model. From 
Figure 8.5, it can be seen that the calculated coalescence rates vary significantly over 
the droplet size range under each of the conditions tested. Such variation is unlikely 
to be truly representative of what is physically happening in the system and is more 
likely to be a result of limitations of the model when dealing with the complex 
equations that describe the coalescence interactions. The scatter in the calculated 
breakage and coalescence rates is greater than in the case where the model was used 
for breakage only, indicating that accuracy is lost by increasing the number of 
parameters in the minimisation process. Generally it can be seen that the magnitude 
of the coalescence rates is larger than that of the breakage rate for the range of droplet 
sizes investigated. This implies that the coalescence mechanism plays a more 
dominant role in the formation of droplets in the OBR system and this can be 
attributed to the fact that the data used was collected after a step reduction in 
frequency. It is also evident, from the data plotted in Figure 8.6, that the percentages 
of the individual coalescence rates contribution to the overall are 24%, 39% and 37% 
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for the Type (a), (b) and (c) drop interaction respectively, which seems a reasonable 
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Figure 8.4: Effect of frequency on the evaluated breakage rate (xO = 75 mm) 
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Figure 8.6: Individual coalescence rates evaluated for each type of drop interaction 
(f = 0.8 Hz, x = 75 mm) 
8.4.3 Model Validation and Robustness Test 
8.4.3.1 DSD Reconstruction 
It is possible to reconstruct the DSDs for every given operational condition using the 
calculated rates together with the model, and then to compare these with those 
experimentally measured. In such a way the model itself can be validated and 
assumptions justified. Figure 8.7 illustrates one of the reconstructions. It is clearly 
seen that the re-built DSDs match well to the experimental data with an averaged 
confidence level of 90%. However, from the constitutive equations of the model it is 
clear that the reliability of the breakage and coalescence rates is heavily relying upon 
the minimisation process, with effectively a matrix of close to 80 parameters being 
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Figure 8.7: Comparison of DSDs between reconstructed and experimental 
measured (f = 0.6 Hz, x,, = 75 mm) 
8.4.3.2 Robustness of the Model 
The model was written in a Matlab programme, and there is a large number of 
parameters in the minimisation process (an average of between 70 and 80) to be 
minimised, as opposite to the traditional discretized population balance model by 
Laso et al. (1987) involving only a maximum of 10 vaiiables. The aim of the 
minimisation carried out in our model is to achieve a global minimum for all the 
parameters, not local ones. In order to assess the reliability of the minimisation 
process, and in turn, the breakage and coalescence rates, we carried out a few simple 
exercises. 
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In the first test, user-defined breakage and coalescence rates, g and P, were 
arbitrarily chosen, from which DSDs were generated for times from t=O to t=100 with 
an interval of 10 minutes. The model was then applied to extract breakage and 
coalescence rates from these constructed DSDs. By comparing the extracted rates 
with the user-defined ones, the accuracy and the reliability of the model can be 
assessed. The tests are likely to depend on the number of sets of DSD curves being 
used as input to the model, therefore three numbers of DSD curves were chosen for 
the test. Test I employs two sets of DSD curves, corresponding to t=O and t=10; Test 
2 uses 6 sets, corresponding to t=O, 10,20,30,40 and t=50; and Test 3 utilises II set, 













Figure 8.8: Compari son of breakage rate between the target and the extracted ones 














Figure 8.9: Comparison of coalescence rates between the target and the extracted 
ones (Robustness test 1) 
Figure 8.8 shows the comparison of the breakage rates between the output of 
the model (extracted) and the target (user-defined). It can be seen that the rates from 
Test I are rather higher than the user-defined rates, which is due to too few DSDs 
being used as input to the model, resulting in overestimating the breakage rates. The 
comparison for Tests 2 and 3 are better, however, indicating that at least 5 DSDs a 
required to produce a reliable result. Similarly, the comparison of the overall 
coalescence rates for the test is shown Figure 8.9. Once again the results from Tests 
2 and 3 gave a better fit than Test 1. The number of experimental data sets used in 
the model are usually either 5 or 6, which is within the range required. 
Another test involves two groups of DSDs obtained at t=O, 10,20, ..., 100 
minutes and at t= 5,15,25, ..., 
95 minutes respectively. The fits of both breakage 
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and coalescence rates for the two groups of DSDs are compared in Figure 8.10. It 
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Figure 8.10: Comparison of breakage and coalescence rates (Robustness test 2) 
In summary, the results from Figures 8.8 to 8.10 indicate that the model is 
fairly robust in evaluating the breakage and coalescence rates, though some levels of 
discrepancies exist between the target and re-evaluated rates. At this early stage of 
the model development these results are satisfactory but the key area for future 
development is the improvement of accuracy when dealing with experimental data. 
8.4.4 Comparison of Scale-Up 
Droplet size distributions have previously been studied in a 
bench scale 50-mm 
diameter OBR (Ni et al., 1998), and the data can be used in conjunction with the 
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model to evaluate the breakage and coalescence rates in the bench scale OBR. These 
can then be compared with that evaluated for the pilot OBR of 210 mm in diameter. 
Figures 8.11 and 8.12 show such comparison at similar oscillatory velocities for 
breakage and coalescence rate respectively. It can be seen that the rates of breakage 
and coalescence are of a same magnitude for both OBR systems. This indicates that 
the breakage and coalescence rates evaluated are independent of reactor sizes, or in 
other words, the scale-up in rates is approximately linear within the OBR systems. 
1 
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Figure 8.12: Comparison of coalescence rates between bench and pilot scale OBRs 
8.5 Conclusions 
Droplet breakage and coalescence rates have been evaluated using a model based on 
the population balance approach. In the case where the system was operated as 
breakage only, the breakage rates were calculated from a simplified version of the 
model and indicated that droplet breakage increased with increases in the oscillation 
frequency or amplitude. In the case where both breakage and coalescence were 
present coalescence rates were generally evaluated to be higher than breakage rates, 
which is expected due to the operational conditions of the system. Of the three types 
of coalescence interaction (a, b and c) considered by the model, neither was observed 
to be dominant, indicating a near equal probability a drop undergoing either of the 
interactions. On comparison with results obtained form data in a bench scale OBC, 
breakage and coalescence rates were observed not to be influenced by column size. 
The robustness of the model was examined and found to be satisfactory. The results 
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calculated from experimental data, however, showed a lot of scatter, indicating that 
further development of the model is required to improve accuracy. 
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9 SUSPENSION POLYMERISATION 
9.1 Introduction 
A model suspension polymerisation reaction of MMA was carried out to test the effect of 
operating conditions on the characteristics of the polymer produced. Various oscillation 
frequencies, oscillation amplitudes, baffle spacings and baffle free areas were used in the 
investigation. 
9.2 Experimental Facilities and Procedures 
9.2.1 Apparatus and Materials 
The stainless steel oscillatory baffled reactor was used in all suspension polymerisation 
tests. The hole in the base of the column was fitted with a plug as there was concern that a 
valve may become blocked by build-up of polymer during the reaction. A thermocouple 
was located in the column, below the lowest baffle, as well as on the jacket inlet and outlet 
streams. 
The reaction mixture consisted of an aqueous phase and an organic phase. The 
aqueous phase was the same as that used in the heat transfer and droplet size studies, details 
of which given in Chapter 6. The organic phase consisted of 9 kg of MMA plus 86 g of 
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initiator. All materials were supplied by Ineos Acrylics Ltd. Further to this, 
methylethylketone (MEK) was also required for washing the reactor to remove fouling. 
9.2.2 Procedures 
9.2.2.1 Reaction Procedure 
The following experimental procedure was developed for the completion of a suspension 
polymerisation reaction: 
1. Pre-mix MMA and initiator in feed tank for 30 mins 
2. Add 14 kg of distilled water plus the colloid and surfactants to the reactor 
3. Start nitrogen purge and cooling water to condenser 
4. Heat aqueous phase to 60'C then start data logger 
5. Drop organic phase followed by 21 of distilled water, to flush 
Heat reactor contents to the reaction temperature of 76'C 
7. Close condenser valve, switch off N2and stop flow of hot water to jacket 
8. Maintain reaction temperature of 76'C by manually adjusting the flowrate cooling 
water through the j acket. 
Allow the temperature to rise during exotherm. 
10. When reaction has finished, cool the reactor contents to 50'C and discharge into a 
collection tank 
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11. Stop data logger and save data, reopen condenser valve and collect two II samples 
of the polymer slurry for analysis 
12. Wash reactor with water at 60'C for 30 mins 
13. Discharge water, fill the reactor with MIEK and leave overnight 
14. Apply nitrogen purge and wash the column with MEK, at its boiling point of 800C, 
under agitation for I hr 
15. Cool MEK to 30'C and discharge into drums 
16. Wash the reactor with water, containing surfactant, under agitation for 30 mins at 
60'C 
17. Discharge the water and then rinse the column and baffles with tap water 
9.2.2.2 Product Recovery 
Once a reaction was complete, the PMMA particles had then to be recovered from the 
polymer slurry. The product recovery process is crucial to obtaining the product in the 
correct condition and was camed out in three stages: 
1. Washing - This was carried out by filtering the slurry sample using a 
buchner funnel 
and vacuum flask arrangement while continually washing with water and 
stirring to remove any residual colloid. Resulting product was clean, damp 
particles with a typical moisture content of 10 - 15% (w/w). 
168 
2. Drying - After washing, PMMA particles were left in an oven at 60'C overnight to 
dry. 
3 Sieving - Dry product was sieved through a 250 ýtm mesh to remove any oversize 
(mesh size was determined by the product specification supplied by Ineos 
Acrylics Ltd). 
9.2.2.3 Analysis of Results 
All PMMA samples were sent to Ineos Acrylics Ltd for analysis. Particle size 
distributions were obtained using a Coulter LS 230 laser particle size analyser. In 
addition, the molecular weight distribution (by gel permeation chromatography) and the 
residual initiator content of the polymer in each of the samples was also determined. 
9.2.2.4 Range of Operating Conditions Studied 
Suspension polymerisation reactions were carried out using a variety of operating 
parameters and baffle geometries. Three oscillation frequencies of 0.8,1.0 and 1.2 Hz 
were each used in combination with three oscillation amplitudes of 50,75, and 100mm at 
five different baffle geometries. The baffle geometries used were three baffle free areas of 
20,25 and 30 % at a baffle spacing of 315 mm (1.5Dj) plus a further two baffle spacings of 
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263 mm (1.25Di) and 368 mm (1.75Di) at a baffle free area of 25%. 
reactions were carried out. 
9.3 Results and Discussion 
9.3.1 Temperature Profile of Reaction 
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Figure 9.1: Reaction temperature profile (f=l. OHz, x, =75mm, cc---25%, L=315mm) 
As product quality is highly sensitive to reaction temperature it is crucial to obtain the 
correct temperature profile for the reaction. A typical temperature profile is shown in 
Figure 9.1, which shows how the temperature of the reactor contents changed between the 
point at which the organic phase was added and the point of discharge of the polymer 
product. It can be seen that once the reaction temperature was reached, it was maintained 
In total, therefore, 45 
Contents 
discharged-- 
0 20 40 60 80 
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for about 30 mins after which the temperature began to rise due to the highly exothermic 
stage that occurs at the end of a reaction. Upon completion of the reaction the temperature 
began to decrease again and the contents were cooled to the discharge temperature. The 
observed profile is of the desired shape and was easily achieved for each of the reactions 
carried out, indicating that temperature control was effective. 
9.3.2 Oversize Fraction 
The particle size distribution produced by any particular reaction depended on the operating 
conditions applied and as a result of this, oversize fractions varied from < 1% to > 50%. 
Clearly, a high oversize fraction indicates that a significant quantity of the product is being 
lost during sieving. Therefore, in the following analysis, results from the 20% of 
experiments that resulted in oversize fractions of > 20% are excluded. 
9.3.3 Effect of Operating Parameters on Particle Size 
Particle size distribution data are listed in Appendix 4.1 
9.3.3.1 Effect of Oscillation Frequency 
The effect of varying the oscillation frequency, at a fixed oscillation amplitude and baffle 
geometry, on the particle size distribution of the polymer is illustrated by Figure 9.2. It 
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can be seen that operating at a higher oscillation frequency results in smaller particles and a 
narrower particle size distribution being observed. This result is expected and can be 
explained by considering the relationship between the particle size distribution and the 
droplet size distribution of the dispersed phase prior to the reaction. As outlined in 
Chapter 7, smaller droplets are produced at higher oscillation frequencies. Therefore, upon 
polymerisation, smaller particles are also produced at higher oscillation frequencies. 
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Figure 9.2: Effect of oscillation frequency on PSD (x, =100mm, cc--20%, L=315mm) 
The PSD can be characterised by the mean particle size, 
d,, 0.5, which is the particle 
diameter at which the cumulative volume fraction is 50%. The effect of oscillation 
F-r, - . ý, equency on d,, 0.5 is shown in Figure 9.3, from which 
it can be seen that d,, o. 5 is dependent 
on oscillation frequency to the power -1.4. This dependence is slightly greater than that of 
the mean droplet diameter (d32) on oscillation frequency and this is likely to be a result of 
the difference in conditions that exists between a reacting and non-reacting system. 
During a reaction the viscosity of the dispersed phase increases and there is a tendency for 
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droplets to coalesce without breakage. Therefore a reduction in energy dissipation (or 
fv, - ,, %, quency) would result in a greater increase in droplet size than would be expected than in 
the non-reaction case. 
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9.3.3.2 Effect of Oscillation Amplitude 
The effect of oscillation amplitude on the particle size distribution and the mean particle 
size is shown in Figures 9.4 and 9.5 respectively. It can be seen that the oscillation 
amplitude has a similar effect on particle size as the oscillation frequency, i. e. as the 
oscillation amplitude is increased, the particle size distribution becomes narrower and the 
mean particle size is reduced. This is expected as both oscillation frequency and amplitude 
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Figure 9.5: Effect of oscillation amplitude on mean particle diameter 
(f=1.2Hz, cc=20%, L=315mm) 
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9.3.3.3 Effect of Oscillatory Velocity 
It is evident from Figures 9.3 and 9.5 that the mean particle size exhibits a similar 
dependence on both oscillation frequency and amplitude. The combined effect of the 
oscillatory velocity (x, f) on the mean particle size is shown in Figure 9.6 and the best fit 
correlation is given by equation (9.1). 
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Figure 9.6: Effect of oscillatory velocity on mean particle size (cc--20%, L=315mm) 
dv, 
0.5 --,,: 1.12 x 10-6 
(xof )- 1.6 (9.1) 
It can be seen that equation (9-1) fits the data very well (R 
2>0.98), which indicates 
that varying the oscillatory velocity provides a high degree of control over the particle size. 
It is also evident that the dependence of the mean particle size on the oscillatory velocity is 
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greater than that of the mean droplet size and this is due to the difference in physical 
properties between the two systems as explained in section 9.3.3.1. 
9.3.4 Effect of Baffle Geometry 
9.3.4.1 Effect of Baffle Free Area 
In order to investigate the effect of the baffle free area, further experiments were performed 
at baffle free areas of 25 and 30 %, at a fixed baffle spacing. The effect of baffle free area 
on the particle size distribution is illustrated in figure 9.7. It can be seen that as the baffle 
free are is decreased the particles become smaller and the distribution narrows. This 
observation can also be related to the energy dissipation in the system. Using a smaller 
orifice area results in higher energy dissipation (see eqn 2.5), which in turn reduces the 
droplet size of the dispersed phase and hence results in a smaller particle size of the 
polymer produced. 
The effect of the baffle free area on the relationship between mean particle size and 
oscillatory velocity is shown in Figure 9.8 and the equations providing the best fit to the 
data are given in equations 9.1,9.2 and 9.3 for baffle free areas of 20%, 25% and 30% 
respectively. It is evident that the mean particle size is lower at lower oiifice sizes and that 
the mean particle size varies with oscillatory velocity to approximately the same power 
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Figure 9.8: Effect of xf and (x on mean particle size (L=315mm) 
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di0.5 
- 2.25 x 
1()-6 k) f )_ 1.43 (9.2) 
dv, 
0.5 = 2.23xlO-'(xof)- 
1.53 
(9.3) 
9.3.4.2 Effect of Baffle Spacing 
The effect of baffle spacing was investigated by performing experiments at a further two 
baffle spacings of 263mm and 368mm at a fixed baffle free area of 25%. Figure 9.9 shows 
the effect of varying the baffle spacing on the particle size distribution, from which it can 
be seen that the PSD does not change much and no clear trends are in evidence. This can 
again be explained in terms of energy dissipation as varying the baffle spacing has little 
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Figure 9.9: Effect of baffle spacing on PSD (f=I. OHz, x, =75mm, cc--25%) 
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The effect that varying the baffle spacing has on the mean particle size is illustrated 
in Figure 9.10 and the best fit equations relating mean particle diameter to oscillatory 
velocity are given in equations 9.1,9.4 and 9.5 for the three baffle spacings used. It can be 
seen that the mean particle size does not vary significantly with baffle spacing and that 
dv, 0.5 varies with oscillatory velocity to a power of -1.5 to -2.0 for each of the baffle 
spacings tested. This indicates that particle size is only a weak function of baffle spacing 
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Figure 9.10: Effect of oscillatory velocity and baffle spacing on mean particle size 
(cc=20%) 
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179 
di,, 
0.5 0.5 3x 10 -6 
(Xo f )-2.0 
9.3.5 Effect of Energy Dissipation 
(9.5) 
The effect of the energy dissipation in the system, as calculated by equation (2.5), on the 
mean particle size is shown in Figure 9.11 and the best fit power law relationship is given 
by equation (9.6). It can be seen that equation 9.6 provides a reasonable good fit to the 
data, indicating that energy dissipation is the predominant factor in determining the particle 
size of the polymer produced. It is also evident that mean particle size vanes with energy 
dissipation to the power of -0.51, which is in good agreement with the value of -0.47 
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Figure 9.11: Effect of energy dissipation on mean particle size 
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dv, 
0.5 --': 138.7(±10)x 10 -6 E -0.51(-+0.08) 
9.3.7 Comparison of Final Particle Size with Initial Drop Size 
(9.6) 
The particle size of the polymer product is determined by the way in which the dispersed 
phase droplets behave during the course of the reaction. It would therefore be expected 
that the particle size would be in some way dependent on the initial drop size that existed 
before the reaction commenced. On comparison of the particle size data reported in this 
chapter with the drop size data reported in Chapter 7, it is evident that both droplets and 
particles are influenced by similar factors. In both cases a strong dependence on 
oscillatory velocity is observed while the effect of system geometry is somewhat weaker. 
It is also evident that energy dissipation is the governing factor for controlling both droplet 
and particle size, although the relationship for each is different. In the case of the particle 
size, a greater dependence on energy dissipation is observed and this can be attributed to 
the difference in the physical nature between a reacting and non-reacting system. In the 
case where a reaction is taking place the viscosity of the dispersed phase increases with 
time, which effectively prevents breakage but still allows coalescence to occur. Therefore 
a more rapid increase in particle size than droplet size occurs as energy dissipation is 
reduced, as a result of the more readily coalescing behaviour of the droplets in the reacting 
system. Despite the highly coalescing nature of droplets during the reaction, though, it can 
be seen from Figure 9.12 that droplet size does not change significantly during the course 
of the reaction, over the range of conditions studied here. This can be attributed to the 
presence of stabilisers in the system which hinder the coalescence process significantly. it 
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is also evident from Figure 9.12, however, that at lower energy dissipation the graphs of 
mean drop size and mean particle size begin to diverge, indicating that coalescence is more 
significant under such conditions. This result indicates that a high level of mixing 
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Figure 9.12: Comparison of mean droplet at particle sizes 
9.3.8 Effect of Scale-Up on Particle Size 
The primary objective of this project was to study the effects of scale-up on the 
characteristics suspension polymeristion. Particle size and droplet size results obtained 
have therefore been compared with those from the small scale OBR of Zhang (1997). The 
effect of energy dissipation on the mean drop size and the mean particle size in both 
devices is plotted in Figure 9.13 and the best fit correlations are surnmansed in Table 9.1. 
Also, correlations expressing the dependence of mean particle size on the mean drop size 
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are given by equations (9.6) and (9.7) for the 50mm diameter and 213mm diameter OBR 
respectively. It is evident that different transient droplet behaviour occurs in the two 
devices. In the small column, significant coalescence was reported to occur resulting in 
particles that were 3 times the size of the initial droplets. However, no such growth is 
observed in the larger column. 
Table 9.1: Correlations for mean drop size and mean particle size in OBCs of 213mm 
and 50mm in diameter 
Device Droplet Correlation Particle Correlation 
50mm OBC d32 = 68xIO-6 C -0.4 
dv, 
0.5 = 21 1X 
10-6 E-0.4 
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Figure 9.13: Effect of energy dissipation on mean droplet and particle diameter 
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dv, 







The reason for this difference in transient droplet behaviour is not clear but the 
following two factors may have been influential. Firstly, in the smaller column the 
oscillation frequencies used were higher. This would result in a more frequent change of 
direction of the droplet movement and possibly increase the droplet collision frequency. 
In a reaction environment where breakage is effectively prevented by the high viscosity, a 
high collision frequency could results in a greater droplet coalescence rate. The second 
factor is that the two studies used a slightly different recipe as Ineos Acrylics Ltd. modified 
the formulation between each of these studies being conducted. The difference in 
surfactant concentrations used would result in different droplet behaviour and could explain 
why there is better coalescence inhibition in the present case. Overall, however, the 
difference in droplet and particle sizes is not great between the two devices and in both 
cases a similar dependence on energy dissipation is observed. This indicates that the 
energy dissipation rate can be used to control the particle size in any given system, 
although some variation in size can be expected between different systems. Based on this 
result it is concluded that larger scale OBR devices than the one used here would again 
exhibit a similar dependence on energy dissipation although the particle sizes obtained 
would also depend on the recipe used. 
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9.3.9 Other Product Properties 
9.3.9.1 Molecular Weight Distribution 
Molecular weight data are listed in Appendix 4.2. It can be seen that the average 
molecular weight shows no noticeable dependence on operating conditions and variations 
are of a somewhat random nature. This can be attributed to the fact that molecular weight 
is predominantly influenced by reaction temperature. Although temperature profiles were 
similar for all reaction, slight variations could not be avoided with the experimental set-up 
used. The molecular weights reported here of between 450,000 and 1,130,000 are 
however good agreement with those reported by Zhang (1997) (640,000 - 950,000) from a 
study of suspension polymensation of MMA in a bench scale OBC and stiffed tank reactor. 
This indicates that the reaction kinetics are not influenced by scale-up provided that good 
heat transfer and temperature control are maintained. The polydispersity index, which is 
an important quality control parameter, is also listed in Appendix 4.2. It can be seen that 
variations are from 2.9 - 6.5 although the majority of values lie within the range 3.0 - 5.0. 
This is again similar to the results reported by Zhang (1997) who reported a range of 2.8 - 
4.1. 
9.3.9.2 Residual BPO Content 
The residual BPO content is an indicator of the reactivity of the polymer 
beads and the 
value of this parameter determines the type of application to which the product 
is suited. 
Residual BPO content of approximately 0.75 % or less indicates suitability of the product 
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for heat curing applications, in which the polymer is mixed with some of its monomer to 
form a paste, which is then placed in a mould and then heated to reaction temperature, at 
which point polymerisation occurs and the paste solidifies. A residual BPO content of 
over 0.75 % indicates suitability of the product for self curing application , in which the 
added monomer contains a tertiary aromatic amine, which reacts with the BPO (by redox 
reaction) at room temperature. 
A list of residual BPO content for the reactions carried out in this work is given in 
Appendix 4.3, from which it can be seen that the residual BPO content was always within 
the range 0.676 - 0.874. This indicates that the product may be suitable for either heat 
curing or self curing applications although heat curing may be more suitable as self curing 
processes usually require a low molecular weigh (typically < 500 000). It is also evident 
that the residual BPO content did not vary much between reactions, which indicates that 
this parameter is independent of agitation rate and system geometry and also demonstrates 
the consistency at which the same reaction conditions were achieved. 
Previous work by Zhang (1997) has showed that residual BPO contents for the 
same reaction as that used here were in the range of 0.551 - 0.701 % for a 50 mm diameter 
OBR and 0.712 % for a stirred tank reactor. These values are in reasonably good 
agreement with those reported in the present work, indicating that the residual BPO content 
is unaffected by reactor size and type. 
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9.4 Fouling Problems 
One of the major problems with suspension polymerisation processes is the formation of 
fouling on the reactor and agitator by surface deposition of polymer material. Dunng a 
reaction, polymer adheres to and accumulates on internal surfaces and can result in serious 
build-up if preventative measures are not adopted. Fouling can be reduced by using highly 
polished surfaces or special coatings or, by adding colloids and surfactants in the correct 
proportions which helps to keep the polymer in suspension. However, it is not possible to 
completely eliminate fouling in this type of process, therefore, cleaning is required after a 
reaction has be completed. This is normally done by employing some form of mechanical 
cleaning, or by washing the reactor with a solvent (e. g. methylethylketone (MEEK)) to 
dissolve the residual polymer. Industrial size reactors are cleaned using high pressure 
(>400 bar) water jets after each reaction and periodic washes with solvent. 
In the case of the present work, fouling of the internal surfaces of the reactor was 
observed to occur and could become a significant problem if the reactor was not cleaned 
sufficiently between reactions. Mechanical cleaning of the reactor was difficult due to 
accessibility lirn-Itations. Therefore, it was decided to wash the reactor MEEK after every 
reaction. The extent to which the fouling was removed depended on the length of the wash 
cycle and it was found that in order to completely remove fouling, MEEK should be left in 
the reactor overnight followed by a1 hour long wash at a temperature of 79'C (the boiling 
point of MEK). 
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9.5 Conclusions 
Results of suspension polymerisation tests have been reported in this chapter. It was found 
that the particle size distribution was strongly dependent on oscillatory velocity, which 
could be used to control the mean particle size with a good degree of accuracy at each of 
the baffle geometries tested. The effect of baffle geometry was weaker with smaller 
particles being observed at lower baffle free areas and baffle spacing being observed not to 
have much of an effect. In general, the energy dissipation rate in the system was the 
governing factor in determining the mean particle size and the data could be fitted with a 
simple power law relationship, which showed that d,, 0.5 varied with energy dissipation to 
the power of -0.51. This dependence is greater than that exhibited by droplet size and this 
can be attributed to the difference in dispersed phase physical properties between reacting 
and non-reacting systems. On comparison with the results reported in a smaller scale OBR 
it was found that coalescence of droplets during the reaction was considerably lower in the 
present case. The reason for this is not clear but may be due to the slight difference in 
surfactant concentrations used in the two studies or be a result of the droplet interactions 
with the eddies of different size that exist in the two systems. Overall, however, particle 
sizes were not substantially different and a similar dependence on energy dissipation was 
observed. This indicates that energy dissipation can be used as a guide for scale-up of 
such processes but accurate prediction of particle size is limited by the complex behaviour 
of droplets in a suspension polymerisation reaction system. Other product properties such 
as molecular weight appear not to be affected by scale-up provided that the same reaction 
conditions are maintained. Overall, therefore, it can be concluded that the oscillatory 
baffled reactor is a feasible device for the large scale production of polymers by suspension 
polymerisation. Based on the findings of this study it is recommended that in scaling up 
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the oscillatory baffled reactor, geometric similarity is maintained and control of the 
agitation rate is implemented by varying the oscillatory velocity. 
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10 CONCLUSIONS 
It was the objective of this project to determine scale-up rules for the production of 
polymeth y1methacryl ate by suspension polymerisation in an oscillatory baffled reactor. 
These objectives have been met by experimentally investigating the characteristics of 
mixing, heat transfer, liquid-liquid dispersion and suspension polymensation using two 
OBCs, of 380mm diameter and 213mm diameter respectively, and comparing the 
results with those previously reported for smaller scale devices. The conclusions drawn 
fonn this investigation are discussed in the following sub-sections. 
10.1 Nlixing Characteristics 
From a flow visualisation study it was observed that the mixing intensity can be 
increased by either increasing the oscillation frequency or amplitude or decreasing the 
baffle onfice diameter, each of which increases the maximum fluid velocity in the 
system. Oscillation amplitude and baffle spacing were found to be closely related and 
the fluid mechanical conditions were observed to be optimised when operating with an 
amplitude of approximately one quarter of the baffle spacing. This finding is in good 
agreement with results reported in a bench scale OBC that also used oscillating baffles. 
On comparison with the smaller device in general, it was evident that flow patterns were 
similar in both columns with only slight differences in the characteristics of bulk fluid 
motion being observed. 
Mixing in the OBC was further assessed by investigating oil-water dispersion 
characteristics. The minimum frequency for complete dispersion was determined at a 
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range of amplitudes, baffle geometries and oil phase fractions. It was found that the 
minimum frequency for complete dispersion decreased with increasing amplitude and 
decreasing orifice diameter while baffle spacing and phase fraction had little effect. 
These finding are similar to results reported in a bench scale OBC and a scale-up rule 
relating the minimum frequency for complete dispersion to the column diameter, based 
on the effects of oscillatory velocity and energy dissipation, has been derived and is 
seen to fit the data reasonably well. 
From the results of the flow visualisation and oil-water dispersion studies it is 
evident the characteristics of bulk fluid mixing do not vary substantially between large 
and small scale oscillatory baffled columns. Based on this result, it can be concluded 
that the OBC could be scaled up further without modification to geometrical 
configuration. 
10.2 Application of OBC to suspension polymerisation 
In order to determine the suitability of OBCs for suspension polymerisation, heat 
transfer, drop size distribution and suspension polymerisation reaction experiments were 
carried out. 
10.2.1 Heat Transfer Study 
Heat transfer rates were determined for a range of oscillatory conditions at a fixed baffle 
geometry and a correlation was established that relates the tube side 
Nusselt number to 
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the oscillatory Reynolds number. The correlation is similar to those previously 
reported in a small scale OBC and a stirred tank, indicating that the dependence of heat 
transfer on mixing intensity is similar in each of these devices. A scale-up correlation. 
relating the tube side heat transfer coefficient to the column diameter, agitation rate and 
fluid viscosity, has been derived, which provides a good fit to the data obtained from 
OBCs of both 50 mm and 213 mm in diameter. It is also evident that the heat transfer 
rates achievable in the OBC are sufficient for the control of temperature during 
suspension polymerisation. 
10.2.2 Droplet Size Distribution 
Drop size distributions were determined over a range of oscillation conditions and baffle 
geometries. The mean drop size was found to vary with the energy dissipation rate to 
the power of -0.35, which is in good agreement with that predicted by the isotropic 
turbulence theory. The effects of oscillation frequency and amplitude and baffle free 
area individually agree with the correlation but the effect of baffle spacing is somewhat 
different. Although, baffle spacing shows little effect, which is expected, the slight 
variation in the mean droplet size with changes in baffle spacing cannot be explained in 
terins of energy dissipation. On comparison with a smaller scale OBC, it is evident that 
larger droplet are produced in the larger column, which could be a result of the longer 
droplet circulation times in the larger device. 
Further investigation into droplet behaviour was carried out by applying a 
recently developed model, based on the population balance equation, to experimental 
DSD data in order to determine droplet breakage and coalescence rates. 
For a 
192 
breakage-only system, a simplified version of the model was used and the calculated 
breakage rates were found to increase with droplet diameter as well as with the 
oscillation frequency and amplitude. These results confirmed what was theoretically 
expected. In the case where both breakage and coalescence were present the accuracy 
of the model was lost to some extent, which can be attributed to the larger number of 
parameters in the minimisation process. Although the model perfonned to a 
satisfactory level in validation tests that were carried out, scatter was observed in the 
results when it was applied to the experimental data. Therefore, further development of 
the model is required. It could be seen, though, that coalescence rates were generally 
higher than breakage rates and that no particular type of coalescence interaction was 
dominant, which were expected. 
10.2.3 Suspension Polymerisation 
Suspension polymensation reactions were carried out over a range of operating 
conditions. It was found that the energy dissipation rate was the predominant factor for 
controlling the particle size distribution and the mean particle size was found to vary 
with energy dissipation to the power of -0.51. This dependence is greater than that 
exhibited by the droplet size on energy dissipation and this can be attributed to the 
difference in physical characteristics between reacting and non-reacting systems. 
Initial drop size and final particle size are however reported to be close for all 
conditions tested, which indicates that coalescence was successfully inhibited by the 
presence of stabilisers. On comparison with result of a similar study in a bench scale 
device it is evident that droplet and particle sizes exhibit a similar dependence on energy 
dissipation in both cases although different transient droplet behaviour was observed. 
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From the results of this investigation it is concluded that the oscillatory baffled 
column can be used for the large scale production of suspension polymers and that the 
behaviour of larger scale devices would not differ substantially from that observed in 
the present case. It is recommended that further scale-up should maintain geometric 
similarity to the device used here and that of Zhang (1997) and that particle size control 
should be implemented by varying the oscillatory velocity, which has been shown to 
provide accurate control over the mean particle size. 
194 
11 RECOMMENDATIONS FOR FUTURE WORK 
The feasibility of an oscillatory baffled column as reactor for suspension 
polymerisation has been demonstrated by this work. However, there have been many 
areas highlighted in which sufficient knowledge relating to a particular process is 
needed. The areas requiring future research are outlined below. 
11.1 Oil-Water Dispersion 
The oil-water dispersion study in this work was limited to only one liquid-liquid system, 
therefore, more work is required to determine the effect of the physical properties of 
both phases on f,,, i,, and to incorporate this into the scale-up correlation. 
11.2 Heat Transfer 
To date, only a limited amount of heat transfer research has been carried out in 
oscillatory baffled devices. It is therefore recommended that this work be extended to 
investigate different systems in order to determine the applicability of the correlations 
that are currently available. 
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11.3 Drop Size Distribution 
The number of reported investigations into drop size distributions in oscillatory baffled 
devices is very limited. Therefore, it is recommended that more research in this area is 
carried out. The areas requiring the greatest attention are the determination of all 
process conditions on drop size and size distribution, investigations into droplet 
breakage and coalescence rates and scale-up studies. 
11.4 Suspension Polymerisation 
This study has shown that suspension polymerisation can successfully be carried out in 
an intermediate-sized oscillatory baffled column. It is therefore recommended that 
further investigations be performed to study different polymerisation systems as well as 
the effect of varying parameters such as the surfactant, colloid and initiator 
concentration in OBRs of various scales in order to gain a broader understanding of 
such processes. 
196 
APPENDIX 1: OIL-WATER DISPERSION RESULTS 
Table AIA: Effect of oscillation time on the relative oil fraction (x, = 140mm, cc = 
1 %, L= 600mm) 
Oscillation Relative oil fraction, f, 
time (mins) f=0.2Hz f=0.3Hz f=0.4 Hz f=0.5Hz 
0 0 0 0 0 
0.5 0 0.20 0.60 0.68 
1 0 0.27 0.38 0.83 
2 0 0.32 0.70 0.87 
3 0.05 0.35 0.92 0.95 
4 0.03 0.36 0.83 0.93 
5 0.03 0.34 0.88 0.93 
6 0.03 0.44 0.89 1 
7 0.03 0.38 0.85 1 
8 0.04 0.39 0.84 1 
9 0.05 0.43 0.85 1 
10 0.05 0.43 0.89 1 
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Table AI. 2: Effect of oscillation frequency on the relative oil fraction (x,, = 140mm, (x 










Table A1.3: Effect of oscillation amplitude on the relative oil fraction (f = 0.25Hz, cc = 












Table A1.4: Effect of oscillation frequency and amplitude on the relative oil fraction (()C 
= 25%, L= 600mm, oil phase fraction = 20%) 
Oscillation Relative oil fraction, fr 
frequency (Hz) X, 100mm xo = 140mm xo 180mm 
0.15 0.03 0.15 
0.2 0.1 0.6 
0.25 0.1 0.45 0.85 
0.3 0.25 0.75 0.95 
0.35 0.65 0.95 1 





Table A1.5: Effect of oscillation frequency and amplitude on the relative oil fraction ((x 
= 20%, L= 600mm, oil phase fraction = 20%) 
Oscillation Relative oil fraction, f, 
frequency (Hz) X, 100mm x, = 140mm x,, 180mm 
0.1 0.1 
0.15 0.1 0.5 
0.2 0.05 0.55 0.95 
0.25 0.35 0.9 1 
0.3 0.7 1 1 
0.35 0.85 1 




Table A1.6: Effect of oscillation frequency and amplitude on the relatIve oil fraction ((x 
= 25%, L= 500mm, oil phase fraction = 20%) 
Oscillation Relative oil fraction, f, 
frequency (Hz) X0 =I 00mm xo = 140mm XO = 180mm 
0.15 0.2 0.2 
0.2 0.15 0.45 0.85 
0.25 0.75 0.9 
0.3 0.5 0.93 1 
0.35 1 1 
0.4 0.85 1 
0.45 
0.5 1 
Table AI. 7: Effect of oscillation frequency and amplitude on the relative oil fraction ((x 
= 25%, L= 800mm, oil phase fraction = 20%) 
Oscillation Relative oil fraction, f, 
frequency (Hz) X" loomm x,, 140mm x,, 180mm 
0.2 0.15 0.2 0.75 
0.25 0.5 0.9 
0.3 0.35 0.8 0.95 
0.35 1 
0.4 0.8 1 
0.45 






Table A1.8: Effect of phase fraction on relative oil fraction (x, = 140mm, Ot = 20%, L= 
600mm) 
oscillation Relative oil fraction, fr 
frequency (Hz) 0.1 0.2 0.3 0.36 
0.2 0.2 0.25 0.24 0.3 
0.25 0.7 0.8 0.76 0.75 
0.3 0.8 0.8 0.89 0.92 
0.35 0.9 1 0.92 0.97 
0.4 1 1 1 1 
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APPENDIX 2: HEAT TRANSFER RESULTS 
Appendix 2.1: Experimental and Calculated Results for Continuous Operation 
Table A2.1: Effect of shell side flowrate on heat transfer rate 
mc (kg/s) 0.167 0.333 0.5 0.667 
Re, 517.7 1032.3 1550 2067.7 
T, j ('C) 6.3 6.4 6.4 6.4 
Tco (OC) 22 16 13.3 12.1 
Thi (OC) 53.8 54.5 54.9 54.8 
Tho (OC) 47.8 48.3 47.1 47.2 
Q (kW) 10.96 13.36 14.42 15.89 
U (kW/m2. K) 0.292 0.323 0.340 0.370 
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Appendix 2.2: Recorded Temperature Data for Batch Operation 











10 8.4 58.7 54.3 51.9 
20 7.5 57.8 53.8 51.2 
30 7.4 57.5 53.4 51.0 
40 7.2 52.9 52.4 50.3 
50 7.6 35.5 52.2 49.8 
60 7.6 24.8 51.5 49.8 
70 7.7 20.2 50.2 48.7 
80 7.7 18.7 49.8 48.4 
90 7.1 17.2 48.7 47.1 
100 7.4 16.6 49.2 46.5 
110 6.7 15.2 47.9 45.5 
120 7.1 14.5 48.4 46.2 
130 7.5 13.7 46.7 45.1 
140 7.9 14.0 46.0 44.8 
150 7.4 13.4 45.2 43.5 
160 7.5 13.7 45.2 42.9 
170 7.0 13.1 45.0 42.3 
180 7.3 12.8 44.6 42.1 
190 7.3 12.1 43.6 42.0 
200 7.5 12.7 42.7 41.4 
210 7.3 12.9 42.0 40.7 
220 7.1 12.4 41.7 39.5 
230 6.7 12.2 42.0 39.5 
240 6.9 11.3 41.1 39.1 
250 7.1 11.5 40.8 39.1 
260 7.0 11.7 
- 
39.6 38.4 
270 7.4 11.7 39.7 38.1 
280 7.0 11.8 39.2 36.9 
290 7.1 12.2 
- 
38.9 36.8 
[-7--3-0-0----j 5.3 8.8 30.6 28.6 
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10 8.7 59.6 57.5 55.0 
20 7.8 58.4 56.4 54.5 
30 7.7 58.3 55.9 54.2 
40 7.6 55.8 54.9 53.2 
50 8.1 37.9 54.7 52.2 
60 7.8 26.6 53.5 51.4 
70 7.7 22.0 52.3 50.8 
80 7.5 20.0 51.5 50.0 
90 7.3 18.4 50.8 48.7 
100 7.2 16.9 50.5 48.0 
110 7.4 16.1 49.4 47.1 
120 7.4 15.8 48.8 46.9 
130 7.3 15.0 47.5 45.6 
140 7.5 15.3 47.1 45.7 
150 7.7 15.1 46.6 44.1 
160 7.6 14.0 46.1 43.5 
170 7.7 13.9 45.1 43.2 
180 7.6 14.1 44.2 42.6 
190 7.3 14.0 43.4 41.8 
200 7.5 13.5 43.4 41.1 
210 7.5 13.3 42.2 39.8 
220 7.1 13.0 41.4 39.7 
230 7.1 12.7 40.9 38.9 
240 7.2 13.0 40.6 38.8 
250 6.8 13.0 40.0 37.6 
260 7.1 12.2 39.7 37.4 
270 7.3 12.2 38.6 36.4 
280 7.0 12.3 38.4 36.5 
290 6.9 11.8 37.6 36.0 
300 6.0 10.2 30.1 29.1 
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10 8.3 57.1 52.9 51.0 
20 7.7 56.8 52.6 - -49.6 
30 7.5 56.9 52.0 50.2 
40 7.7 53.7 50.2 48.3 
50 7.6 36.4 51.4 48.6 
60 8.2 25.8 49.4 46.8 
70 7.6 21.7 48.9 46.0 
80 7.1 18.5 47.7 45.8 
90 7.9 18.7 47.3 44.5 
100 6.8 16.4 46.5 43.7 
110 7.6 16.4 45.0 42.8 
120 6.8 15.0 44.6 42.0 
130 7.8 15.2 43.3 41.2 
140 6.9 13.9 43.0 40.5 
150 8.0 14.5 42.1 40.2 
160 7.0 13.9 41.8 39.2 
170 7.5 13.8 40.7 38.6 
180 6.9 13.3 40.5 37.7 
190 7.4 13.4 39.3 37.4 
200 7.1 13.4 38.9 36.3 
210 7.2 13.3 37.6 36.1 
220 7.0 12.7 38.0 35.4 
230 7.2 12.8 36.8 35.3 
240 6.7 12.3 35.7 33.8 
250 7.0 12.2 35.7 34.1 
260 6.7 12.1 34.6 32.9 
270 7.0 11.8 34.5 33.0 
280 6.8 12.2 33.7 31.8 
290 7.2 11.9 34.0 32.1 
300 5.5 9.4 26.0 24.5 
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10 8.9 _ 58.4 _ 5 5.9 53.6 
20 8.2 57.8 54.4 52.0 
30 7.8 57.0 54.1 50.8 
40 7.7 53.3 52.8 50.8 
50 7.3 38.2 50.7 48.9 
60 7.1 27.1 50.2 47.8 
70 6.7 22.9 49.2 47.3 
80 6.5 20.1 47.6 45.2 
90 6.4 18.6 46.5 44.6 
100 6.4 17.2 46.0 43.9 
110 6.4 16.8 44.7 42.1 
120 6.1 15.9 43.8 41.7 
130 6.3 15.1 43.2 40.0 
140 6.2 14.7 42.2 39.2 
150 6.2 14.1 41.1 38.5 
160 6.5 14.2 40.6 38.4 
170 6.1 13.0 39.2 37.0 
180 6.3 13.1 38.2 36.3 
190 5.9 13.0 38.2 35.3 
200 5.9 12.5 36.1 34.6 
210 6.3 12.7 36.2 34.6 
220 6.0 12.4 35.4 33.2 
230 6.1 11.7 34.4 31.9 
240 6.2 11.7 34.6 32.0 
250 6.1 12.4 33.1 31.2 
260 6.5 11.7 32.9 30.7 
270 6.4 11.7 32.8 29.8 
280 6.2 11.2 31.6 29.5 
290 6.3 11.6 31.2 28.5 
300 4.8 8.7 24.6 22.6 
206 











10 12.4 59.3 54.2 52.3 
20 11.1 58.6 54.0 52.7 
30 10.9 57.5 54.0 52.0 
40 10.7 54.8 52.7 50.6 
50 11.4 40.4 52.6 _ 50.7 
60 11.4 29.0 51.5 49.9 
70 10.6 24.1 51.0 49.0 
80 9.7 22.1 - 49.7 48.1 
90 9.5 20.1 - 50.1 47.9 
100 9.2 19.5 48.7 46.9 
110 7.9 18.3 - 47.9 46.5 
120 7.9 17.2 - 47.3 45.7 
130 8.0 16.9 46.4 45.1 
140 7.8 15.4 46.3 45.2 
150 7.2 15.1 44.9 43.6 
160 7.4 15.2 45.1 43.0 
170 8.0 14.9 44.6 42.1 
180 7.3 13.7 43.9 41.7 
190 7.4 13.7 43.2 40.6 
200 7.6 13.2 42.9 
- 
40.2 
210 7.7 12.9 41.7 
- 
40.3 
220 7.1 12.6 40.9 39.6 
230 7.0 13.0 40.7 39.4 
240 6.9 13.1 40.7 38.8 
250 6.8 12.4 39.3 38.0 
260 6.8 12.8 39.1 37.1 
270 7.4 12.3 39.1 36.7 
280 6.9 11.7- 
- 
38.3 35.8 
290 7.2 11.6 37.5 35.7 















10 10.9 57.5 54.4 52.0 
20 10.9 57.5 53.9 52.2 
30 10.3 55.8 53.0 51.2 
40 9.8 54.3 53.2 50.3 
50 9.7 39.1 51.8 49.8 
60 9.1 28.3 50.2 47.9 
70 9.5 25.4 49.9 47.8 
80 9.6 22.1 49.4 46.7 
90 9.3 19.9 47.3 45.9 
100 9.5 20.0 46.7 45.1 
110 9.2 18.0 45.9 44.1 
120 9.6 17.2 - 44.8 42.8 
130 9.5 17.5 45.1 42.4 
140 8.8 16.5 - 43.3 41.3 
150 8.6 16.3 42.5 41.4 
160 8.6 16.4 41.7 40.2 
170 8.2 15.4 41.1 38.8 
180 8.4 15.6 40.9 38.5 
190 7.8 15.3 39.6 37.9 
200 7.6 14.3 38.9 36.8 
210 7.8 14.5 38.7 36.7 
220 7.6 14.2 38.1 36.1 
230 7.7 13.7 37.3 35.3 
240 7.8 13.8 37.1 34.6 
250 7.5 13.0 36.3 33.9 
260 7.7 13.0 35.7 33.2 
270 7.8 13.4 35.0 33.4 
280 7.2 13.1 34.0 32.3 
290 7.6 13.3 34.0 32.0 
300 7.8 12.9 34.2 31.6 
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lo 8.9 57.0 54.1 - -51.7 
20 7.4 56.2 53.1 51.1 
30 7.9 56.8 52.9 50.8 
40 7.5 53.3 52.7 50.1 
50 7.6 36.6 50.4 48.5 
60 7.6 25.7 49.0 47.3 
70 7.6 22.1 48.3 46.6 
80 7.9 20.4 48.3 45.9 
90 7.1 18.3 46.4 44.4 
100 7.4 17.8 45.9 43.3 
110 7.5 16.8 44.8 43.2 
120 7.1 15.1 43.3 41.9 
130 7.6 15.5 42.7 41.5 
140 7.0 14.8 41.7 40.0 
150 6.9 14.0 40.9 38.9 
160 7.5 14.1 40.8 38.8 
170 7.3 13.8 39.8 37.9 
180 7.2 13.5 38.5 36.5 
190 7.3 14.2 38.6 36.6 
200 7.4 13.6 37.7 35.6 
210 7.1 13.3 37.1 35.0 
220 7.3 13.7 36.3 34.9 
230 6.8 12.5 35.3 33.5 
240 7.3 12.7 35.5 33.6 
250 7.1 12.5 35.0 32.7 
260 7.0 12.2 33.7 31.6 
270 6.9 12.2 33.7 31.7 
280 6.7 11.6 32.5 30.4 
290 6.6 11.5 31.9 29.9 
300 7.0 9.9 25.4 23.8 
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Table A2.9: Recorded temperature data (f = 0.6Hz, x, = 100mm) 
time (s) Tin (OC) T,, t (OC) 
Tniiddle (OC) Tbottom (OC) 
0 13.8 59.3 54.4 52.3 
10 7.6 59.5 54.7 52.6 
20 6.9 58.3 53.8 51.4 
30 6.9 57.6 53.5 51.2 
40 6.9 55.2 52.5 50.2 
50 6.5 39.5 50.9 49.1 
60 6.5 26.7 50.8 48.8 
70 6.2 20.9 49.5 47.1 
80 6.4 18.7 48.1 46.8 
90 6.4 17.1 47.9 45.7 
100 6.3 15.4 46.7 45.0 
110 6.6 15.4 46.4 44.0 
120 5.9 14.3 44.8 42.7 
130 6.7 13.7 44.1 42.4 
140 6.6 13.2 43.6 41.9 
150 6.3 13.4 42.9 41.1 
160 6.6 13.0 42.3 40.6 
170 6.3 12.3 40.8 39.0 
180 6.6 12.6 41.2 39.1 
190 6.4 11.9 40.2 38.5 
200 6.4 12.1 39.2 37.6 
210 6.3 12.0 39.0 36.8 
220 6.0 11.8 38.0 35.9 
230 6.4 12.2 37.6 36.1 
240 5.9 11.6 36.6 34.9 
250 6.5 11.7 36.3 34.3 
260 6.1 11.3 36.6 34.0 
270 6.4 11.2 34.8 33.1 
280 6.4 11.4 35.3 33.5 
290 6.3 11.0 33.9 32.1 
300 5.2 9.4 27.2 25.4 
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Table A2.10: Recorded temperature data (f = 0-81-1z, x, = 100mm) 
time (s) Tin (OC) Tout (OC) Tmiddle (OC) Tbottom (OC) 
0 22.0 56.6 54.4 52.3 
10 7.4 56.1 53.9 52.0 
20 6.9 55.6 53.6 51.6 
30 6.6 55.3 52.7 50.7 
40 6.9 52.9 51.9 50.0 
50 6.9 37.6 51.2 49.2 
60 6.7 25.3 49.4 47.7 
70 6.9 20.9 48.5 46.5 
80 6.4 17.3 47.6 45.3 
90 7.0 16.7 46.7 44.8 
100 6.8 16.3 45.7 43.9 
110 6.5 14.9 44.4 42.3 
120 6.5 14.4 44.2 42.0 
130 6.6 13.9 42.7 40.8 
140 6.6 13.6 42.0 40.1 
150 6.5 13.3 41.5 39.3 
160 6.7 13.4 40.1 38.3 
170 6.1 12.2 39.1 37.1 
180 6.9 13.3 39.5 37.0 
190 6.8 12.8 38.8 36.7 
200 6.3 12.1 36.6 34.6 
210 6.7 12.4 37.4 35.2 
220 6.7 12.0 36.3 34.1 
230 6.8 12.5 35.7 33.6 
240 6.2 11.3 34.2 32.4 
250 6.7 11.6 34.5 32.5 
260 6.9 11.8 34.3 32.2 
270 6.2 11.2 32.8 30.6 
280 6.1 10.8 32.4 30.3 
290 6.3 11.0 32.1 30.1 
300 5.6 9.0 25.8 23.9 
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Table A2.1 1: Recorded temperature data (f =1 OHz, x, =I 00mm) 
time (s) Tin (OC) T,,,, t ('C) 
Tn-ýddle (OC) Tbottom (OC) 
0 17.1 58.0 55.5 53.0 
10 8.0 57.9 55.4 52.4 
20 7.2 57.1 54.7 52.1 
30 7.8 56.1 53.9 51.4 
40 7.0 54.7 52.9 50.1 
50 7.2 42.1 51.7 49.6 
60 7.2 27.4 50.5 47.8 
70 7.0 22.5 49.7 46.6 
80 6.6 20.2 48.4 45.7 
90 6.5 18.4 46.5 44.7 
100 6.9 17.5 45.9 44.1 
110 6.4 16.4 44.7 43.4 
120 6.6 15.4 43.6 41.6 
130 6.8 15.1 42.9 41.0 
140 6.9 14.1 41.9 39.3 
150 7.1 14.5 41.8 39.2 
160 7.0 14.7 40.8 38.9 
170 6.7 13.4 38.7 37.6 
180 7.1 13.3 38.4 36.5 
190 7.2 13.2 38.6 35.6 
200 7.0 13.2 37.2 35.2 
210 6.9 13.0 36.6 34.6 
220 6.7 12.2 35.7 33.2 
230 6.9 12.7 35.5 32.8 
240 6.4 12.6 34.6 32.7 
250 6.5 11.8 33.9 31.4 
260 6.9 12.2 33.8 31.0 
270 6.5 12.0 32.6 30.5 
280 6.6 12.2 31.6 30.0 
290 6.9 11.4 31.3 29.8 
300 5.4 9.0 24.4 22.8 
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Table A2.12: Recorded temperature data (no oscillation) 
time (min) Ti,, ('Q T., ýt ('Q 
Tmiddle (OC) Tbottom (OC) 
0 28.1 57.3 52.0 50.3 
1 6.7 26.8 52.5 50.5 
2 6.3 12.2 50.2 43.4 
3 6.2 9.9 51.0 39.3 
4 6.1 9.4 49.9 35.8 
5 6.1 9.0 49.0 33.0 
6 6.0 8.7 47.2 30.4 
7 5.9 8.8 46.4 28.8 
8 5.8 8.4 45.5 27.0 
9 5.6 8.1 44.3 25.5 
10 5.6 8.2 42.9 24.7 
11 5.6 8.1 42.2 23.6 
12 5.5 7.9 40.6 22.5 
13 5.6 8.0 39.7 21.7 
14 5.4 7.8 38.0 20.4 
15 5.5 7.8 37.6 19.8 
16 5.5 7.8 36.5 19.4 
17 5.5 7.7 34.7 18.7 
18 5.4 7.6 35.2 18.1 
19 5.5 7.8 34.2 17.6 
20 5.3 7.7 31.1 17.1 
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Table A2.13: Recorded temperature data (no oscillation, no shell side flow) 
time (min) Tmiddle (OC) Tbottom (OC) 
_ 0 49.8 49.8 
1 49.5 49.8 
2 49.2 49.8 
3 49.6 49.8 
4 49.4 49.7 
5 50.3 50.0 
6 49.5 49.6 
7 49.9 49.7 
8 49.8 49.7 
9 49.6 49.5 
10 49.5 49.5 
11 49.6 49.4 
12 49.8 49.2 
13 49.9 49.3 
14 49.9 49.2 
15 49.7 49.0 
16 49.5 48.9 
17 49.6 48.9 
18 49.7 48.9 
19 49.8 49.0 
20 49.6 49.0 
21 49.6 48.9 
22 49.6 49.0 
23 49.8 49.0 
24 49.8 48.8 
25 49.7 48.8 
26 49.7 48.7 
27 49.8 48.5 
28 49.5 48.3 
29 49.8 48.3 
30 49.7 45.8 
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Appendix 2.3: Calculated Heat Transfer Data 













0.8 50 0.04 224 7.4 51.7 36.0 290 0.127 0.148 55.29 
1.2 50 0.06 336 7.6 1 54.9 36.3 1 290 0.145 0.174 65.14 
1.6 50 0.08 448 7.4 50.9 31.3 290 0.174 0.218 81.29 
2.0 50 0.1 561 6.6 53.3 28.3 290 0.227 0.306 114.2 
0.6 75 0.045 252 8.6 52.0 35.4 290 0.139 0.166 61.95 
_ 1.0 75 0.075 420 8.9 52.8 32.1 290 0.187 0.237 88.48 
- 1.4 75 0.105 589 7.4 51.6 29.6 290 0.203 0.265 98.89 
0.6 100 0.06 336 6.6 52.7 31.9 290 0.175 0.219 81.95 
0.8 100 0.08 448 6.9 52.0 30.1 290 0.196 0.252 94.19 
-1.0 
100 0.1 561 7.1 52.7 29.0 290 0.217 0.288 107.7 
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APPENDIX 3: DROPLET SIZE DISTRIBUTION RESULTS 
Appendix 3.1 DSD Data Collected at Various Operating Conditions 
Table AM: Effect of droplet number on droplet size distribution 
di (gm) Number o f droplets of diameter di 
75 drops 191 drops 356 drops 487 drops 950 drops 
5 3 4 9 12 20 
15 15 61 151 213 418 
25 20 52 81 105 202 
35 18 36 52 72 139 
45 10 19 29 38 81 
55 6 11 18 20 42 
65 2 4 8 12 26 
75 1 3 4 6 11 
85 0 1 2 3 
95 0 0 0 0 
105 1 1 1 1 









145 0 0 0 








Table A3.2: Results of repeatability tests 
di (ýtm) Number of dE.!! plets of diameter di 
day I day 2 day 3 
5 12 22 15 
15 213 215 230 
25 105 81 101 
35 72 40 62 
45 38 23 35 
55 20 22 20 
65 12 19 13 
75 6 11 8 
85 2 5 4 
95 0 4 3 
105 1 2 2 
115 1 1 2 
125 0 0 1 
135 0 1 1 
145 0 1 1 
155 1 0 1 
165 3 1 0 
175 1 0 1 
185 0 1 0 
195 1 
d32 (ýLM) 74.3 75.1 78.3 
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Table A3.3: Effect of sampling location on droplet size distribution 
di (ýtm) Number of droplets of diameter di 
Bottom Middle Top 
5 35 12 12 
15 201 213 198 
25 77 105 79 
35 53 72 47 
45 25 38 23 
55 21 20 14 
65 17 12 10 
75 2 6 3 
85 2 2 5 
95 2 0 3 
105 1 1 2 
115 2 1 3 
125 2 0 2 
135 1 0 1 
145 1 0 1 
155 0 1 1 
165 1 3 0 
175 1 
d32 ([LM) 69.6 74.3 73.2 
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Table A3.4: Effect of oscillation time on droplet size distribution 
di (gm) Number of dropl ts of diameter di 
15 mins t 30 mins t 45 mins t 60 mins 
5 9 13 12 28 
15 173 227 206 271 
25 132 143 130 149 
35 101 73 68 94 
45 78 45 49 57 
55 42 25 24 36 
65 23 11 18 10 
75 25 6 12 13 
85 13 8 9 10 
95 13 4 5 6 
105 9 1 3 3 





















































d32 ([tM) 122.6 62.4 64.4 62.8 
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Table A3.5: Effect of oscillation frequency and amplitude on droplet size distribution 
(oc = 20%, L= 315mm) 
di Number of droplets of diameter di 



















5 16 38 23 21 13 17 26 11 23 
15 170 173 296 73 243 336 158 196 249 
25 73 78 133 132 143 110 105 86 77 
35 44 51 67 72 73 48 55 46 43 
45 41 29 33 50 45 19 33 30 21 
55 18 26 39 35 25 11 23 12 21 
65 19 14 8 26 11 3 18 9 6 
75 6 10 8 30 6 3 14 4 5 
85 10 7 2 12 8 2 3 4 5 
95 7 4 2 9 4 9 2 2 
105 11 5 2 7 1 7 1 4 
115 7 1 0 13 1 5 1 1 
125 6 2 5 3 1 2 0 1 
135 1 2 1 5 0 2 0 1 
145 4 3 2 0 1 2 0 
155 1 2 1 5 0 3 1 
165 2 1 0 1 0 1 0 
175 6 1 1 0 1 0 
185 2 0 1 1 
195 3 1 0 
205 2 0 0 
215 1 1 1 
225 0 0 2 
235 1 1 0 
245 0 0 
255 1 0 




d32 145 106 72 109 62 37 88 67 61 
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Table A3.6: Effect of oscillation frequency and amplitude on droplet size distribution 
25%, L= 315mm) 
di N umber of droplets of diameter di 





















5 1 34 14 5 8 12 35 2 15 27 
15 174 142 213 161 208 213 119 131 301 348 
25 87 46 87 61 130 105 53 125 136 126 
35 63 38 84 40 65 72 43 56 80 56 
45 38 37 54 38 29 38 33 38 65 47 
55 26 20 35 31 19 20 28 
_22 
31 27 
65 27 20 24 15 10 12 28 17 30 14 
75 18 16 12 11 8 6 27 17 20 8 
85 16 12 9 10 3 2 9 9 20 2 
95 9 4 10 7 1 0 8 8 3 1 
105 11 5 3 7 7 1 8 2 5 4 
115 7 7 5 1 2 1 6 1 4 1 
125 3 3 4 2 2 0 3 3 3 
135 4 1 2 2 1 0 3 2 0 
145 5 2 1 1 1 0 4 2 1 
155 4 2 0 2 2 1 6 1 1 















































































- - - d32 156 100 80 131 97 74 88 68 50 
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Table A3.7: Effect of oscillation frequency and amplitude on droplet size distribution 
(cc = 30%, L= 315mm) 
di Number of droplets of diameter di 
(ýIm) xo = 50m m xo = 75mm 




















5 10 28 16 24 31 50 19 19 21 
15 175 122 327 73 215 330 151 286 493 
25 73 98 165 33 53 100 81 106 106 
35 61 53 87 38 43 74 60 63 72 
45 41 43 39 22 37 53 42 32 41 
55 31 27 20 25 17 19 37 15 29 
65 26 14 5 26 17 15 28 28 19 
75 17 8 5 26 21 6 20 17 8 
85 16 11 2 24 21 4 16 10 3 
95 18 3 2 25 13 2 13 3 5 
105 10 6 2 13 13 2 6 5 1 
115 4 1 1 9 10 1 8 7 1 
125 7 1 2 7 5 2 4 5 1 
135 10 3 2 3 6 0 6 3 3 
145 6 2 1 6 3 1 4 3 0 
155 5 1 2 8 8 2 1 0 
165 3 0 3 4 2 1 1 
175 0 1 5 4 1 0 
185 2 0 3 1 0 0 
195 4 1 3 1 1 0 
205 8 3 0 1 
215 0 2 0 
225 1 2 1 
235 1 1 
245 1 0 









Table A3.8: Effect of oscillation frequency and amplitude on droplet size distribution 
(cc = 25%, L= 263mm) 
di Number of droplets of diameter di 



















5 4 4 3 4 10 8 5 3 2 
15 139 188 214 161 212 168 138 222 264 
25 74 102 125 118 100 108 104 82 150 
35 52 64 76 51 76 65 76 37 108 
45 43 32 40 38 42 45 59 24 42 
55 21 35 28 28 24 19 30 18 30 
65 20 16 19 20 18 26 30 6 22 
75 19 13 9 19 12 15 17 6 16 
85 18 11 13 11 9 16 91 13 8 
95 9 7 3 7 7 8 8 3 4 
105 2 3 4 6 0 3 5 2 0 
115 1 5 3 5 6 2 2 3 2 0 
125 8 1 2 9 4 1 3 2 2 
135 7 1 0 4 2 2 2 2 
145 4 2 1 2 2 2 0 2 
155 3 1 4 1 2 2 
165 3 2 0 5 1 
175 2 3 2 2 
185 1 0 2 0 
195 1 0 0 0 
205 1 1 0 1 
215 1 1 0 
225 2 0 
235 1 0 
245 1 0 
255 2 1 
265 1 1 
275 2 0 
285 2 0 
295 0 
305 1 
d32 107 72 66 158 93 64 123 80 62 
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Table A3.9: Effect of oscillation frequency and amplitude on droplet size distribution 
25%, L= 368mm) 
di Number of droplets of diameter di 



















5 16 23 24 1 12 12 6 33 5 
15 161 121 154 110 140 149 259 162 227 
25 53 80 109 106 101 142 97 157 84 
35 51 58 77 79 58 70 58 68 39 
45 48 48 50 62 50 32 38 29 29 
55 39 24 43 32 25 15 27 26 12 
65 30 40 22 38 14 17 15 25 12 
75 21 14 16 25 7 5 15 7 8 
85 14 14 12 17 12 5 10 5 1 
95 8 9 4 8 11 4 7 5 6 
105 7 3 6 28 2 3 4 7 2 
115 6 6 4 5 4 2 5 2 
125 3 4 3 11 3 3 5 
135 9 8 4 12 1 1 1 
145 6 4 2 7 0 1 1 
155 4 3 6 4 0 5 0 
165 0 4 1 4 3 1 0 
175 3 2 4 1 3 0 
185 2 0 5 0 3 0 
195 3 4 1 3 1 1 1 
205 2 2 2 0 
215 1 2 2 1 
225 3 1 1 1 
235 1 2 0 
245 0 2 0 
255 0 0 
265 2 0 
275 0 1 
285 1 1 
295 1 0 




93 143 86 55 118 77 58 
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Appendix 3.2 Data Used for Breakage and Coalescence Modelling 
Appendix 3.2.1 Data from Breakage-Only Experiments 
Table A3.10: Change in DSD with time (f = 0.6 Hz, x, = 75 mm) 
droplet roplet number frequency a er a given ti e 
diameter 
([Lm) 
10 mins 20 mins 30 mins 40 mins 50 rnins 
5 28 12 20 19 6 
15 108 162 281 115 322 
25 56 111 88 110 67 
35 54 70 55 64 44 
45 35 55 42 45 51 
55 28 26 22 34 27 
65 24 24 17 19 21 
75 17 25 17 19 13 
85 17 17 8 9 15 
95 14 9 17 8 10 
105 12 10 18 7 1 
115 10 13 3 7 4 
125 9 4 4 3 
135 9 5 2 3 
145 4 6 3 6 
155 2 5 1 1 
165 2 5 1 0 
175 3 1 0 0 
185 6 3 0 0 
195 3 2 1 1 
205 2 1 0 0 
215 1 0 1 1 
225 3 - 1 
235 1 1 
245 1 0 
255 0 0 
265 0 1 








Table AM 1: Change in DSD with time (f =1 .0 Hz, x, = 75 mm) 
droplet roplet number frequency a er a given ti e 
diameter 
(Rm) 
10 mins 20 mins 30 mins 40 mins 50 mins 
5 5 13 20 10 7 
15 158 188 200 184 417 
25 125 141 162 169 206 
35 62 82 97 107 88 
45 45 71 58 67 60 
55 42 40 46 28 45 
65 27 28 30 35 28 
75 10 22 27 23 25 
85 17 28 26 22 18 
95 12 1 16 17 4 
105 10 17 6 9 0 
115 2 11 5 2 1 
125 2 5 2 2 
135 1 0 1 
145 0 2 2 
155 1 0 
165 0 1 
175 0 1 
185 2 1 
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Table A3.12: Change in DSD with time (f = 1.4 Hz, x, = 75 mm) 
droplet roplet number frequency a er a given time 
diameter 10 mins 20 mins 30 mins 40 mins 50 mins 
5 21 17 14 46 24 
15 350 344 232 662 559 
25 168 128 143 292 262 
35 104 50 67 103 69 
45 54 11 27 50 11 
55 38 9 17 13 5 
65 14 3 6 5 2 
75 3 1 3 1 
85 5 1 0 1 
95 2 2 2 
105 0 1 1 
115 0 2 






Table A3.13: Change in DSD with time (f = 1.0 Hz, x, = 50 mm) 
droplet roplet number frequency a er a given ti e 
diameter 
41m) 
10 mins 20 mins 30 mins 40 mins 50 mins 
5 18 13 11 7 1 
15 176 160 164 105 85 
25 112 116 129 156 154 
35 81 78 76 116 92 
45 57 57 56 85 57 
55 41 30 40 53 49 
65 27 29 42 45 29 
75 22 21 29 30 26 
85 21 17 21 26 19 
95 14 12 15 10 5 
105 6 13 5 10 6 
115 3 6 6 6 2 
125 6 5 5 5 1 
135 2 3 2 2 2 
145 3 7 2 2 3 
155 3 4 2 1 
165 4 2 1 1 
175 3 2 
185 5 1 
195 1 1 
205 0 0 
215 1 1 











Table A3.14: Change in DSD with time (f = 1.0 Hz, x,, = 100 mm) 
droplet roplet number frequency a er a given time 
diameter 
(ýLm) 
10 mins 20 mins 30 mins 40 mins 50 mins 
5 17 10 13 17 21 
15 240 233 234 294 266 
25 192 207 155 153 111 
35 112 133 84 85 79 
45 61 89 43 40 29 
55 40 63 19 4 5 
65 25 39 2 1 1 
75 13 23 6 0 3 
85 6 14 3 0 1 
95 5 3 2 0 
105 2 6 2 1 
115 0 5 0 
125 1 4 0 
135 0 1 1 
145 1 1 
155 2 1 
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Appendix 3.2.2 Data from Experiments with Breakage and Coalescence 
Table A3.15: Change in DSD with time (f = 0.6 Hz, x, = 75 mm) 
droplet Droplet number frequ ney after a given time 
diameter 0 mins 10 mins 20 mins 30 mins 40 mins 50 mins 
5 33 30 24 53 42 11 
15 251 207 366 306 325 114 
25 165 131 196 122 128 68 
35 68 64 56 57 63 32 
45 37 32 37 34 37 19 
55 20 26 12 24 24 16 
65 65 14 10 16 9 
75 13 7 6 12 16 8 
85 37 7 4 5 2 


















































Table A3.16-. Change in DSD with time (f = 0.8 Hz, xo = 75 mm) 
droplet Droplet number frequ ney after a given time 
diameter 
(ýtm) 
0 mins 10 mins 20 mins 30 mins 40 mins 50 mins 
5 34 - 67 14 24 8 10 
15 251 405 223 269 172 168 
25 116 192 127 88 175 191 
35 67 74 93 46 93 102 
45 26 34 37 19 50 56 
55 9 18 27 13 23 31 
65 6 9 17 2 14 M 
75 3 8 7 6 12 11 
85 0 2 3 1 6 5 
95 2 3 3 2 4 2 
105 1 3 3 2 3 7 
115 0 1 2 0 2 2 
125 1 0 3 1 3 5 
135 1 1 1 8 2 
145 1 1 1 3 2 
155 2 0 0 
165 0 0 
175 0 0 
185 0 0 








Table A3.17: Change in DSD with time (f =1 .0 Hz, x, = 75 mm) 
droplet Droplet number frequ ney after a given time 
diameter 0 mins 10 mins 20 mins 30 mins 40 mins 50 mins 
5 48 14 10 6 32 36 
15 352 336 417 194 220 238 
25 171 174 220 124 155 202 
35 74 120 100 73 76 151 
45 26 38 46 46 46 71 
55 20 25 23 _ 30 20 50 
65 9 15 11 14 15 28 
75 2 10 7 7 8 14 
85 3 7 5 4 3 7 
95 2 1 3 3 5 5 
105 3 0 0 2 0 4 
115 1 1 3 1 0 2 
125 1 1 2 0 4 1 
135 1 3 1 1 2 
145 1 1 2 
155 1 1 1 






Table A3.18: Change in DSD with time (f = 0.8 Hz, xo = 50 mm) 
droplet Droplet number frequ ncy after a given time 
diameter 0 mins 10 mins 20 mins 30 mins 40 mins 50 mins 
5 12 33 35 27 11 6 
15 125 329 356 242 441 141 
25 185 253 234 215 235 175 
35 102 134 129 147 122 112 
45 61 81 52 93 96 53 
55 24 34 21 45 44 36 
65 22 23 16 16 12 23 
75 6 10 16 13 8 11 
85 2 5 9 8 4 7 
95 1 7 7 8 7 9 
105 2 3 2 4 2 4 
115 1 3 2 3 9 5 
125 2 0 3 1 1 
135 3 4 4 1 4 
145 0 4 1 1 2 
155 2 1 1 2 3 
165 1 0 0 1 
175 0 0 1 
185 0 3 1 
195 0 2 1 
205 0 1 0 
215 1 1 
225 1 0 
235 1 
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Table A3.19: Change in DSD with time (f = 0.8 Hz, x,, = 100 mm) 





10 mins 20 mins 
- 
30 mins 40 mins 50 mins 
5 25 32 15 23 25 12 
15 203 280 316 230 272 246 
25 91 125 86 107 156 154 
35 39 59 36 52 76 69 
45 46 25 22 29 38 43 
55 21 20 7 30 37 43 
65 12 4 14 16 25 24 
75 13 4 8 7 16 19 
85 3 4 6 9 11 13 
95 2 3 1 2 6 7 
105 0 3 3 3 1 4 
115 0 1 3 2 1 4 
125 1 1 1 2 3 
135 0 2 3 
145 2 1 0 
155 2 0 






APPENDIX 4: POLYMERISATION RESULTS 
Appendix 4.1: Particle Size Distribution Data 
Table A4.1: Effect of oscillation frequency and amplitude on particle size distribution 
((x=25%, L=315mm) 
di (ýtm) Cumulative Volume Fraction Oversize (%) 
xo = 50mm xo = 75mm XO = 100MM 
f=1.0 HZ f 0.8 Hz f 1.0 Hz f 1.2 Hz f 1.0 HZ 
0 100 100 100 100 100 
20 100 100 99.5 97.8 96.8 
38 100 98.6 97.7 91.9 90.4 
50 100 94.8 94.6 83.6 81.3 
53 100 93.8 93.9 81.7 79 
63 99.9 90.5 91.8 74.6 68.9 
75 98.8 84.5 86.6 62.5 50.7 
90 96.7 74.3 75.1 44.3 27.2 
100 95.1 66.9 65.4 33.5 15.9 
106 93.9 62.5 59.2 28.2 11.6 
125 88.7 48.2 39.8 16.1 4.49 
140 81.4 37.5 27.1 10.7 2.72 
150 75.2 30.8 20.3 8.16 1.98 
180 51 14.7 7.44 3.43 0.42 
200 34.7 7.91 3.47 1.71 0.064 
250 7.49 0.7 0.25 0.095 0 
300 0.42 0.0054 0.0017 0.00011 0 
dv, o. 5 
(M) 174.6 115.7 109.1 79.68 68.77 
wt. % 
O/size 
44 28 12 5 2 
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Table A4.2: Effect of oscillation frequency and amplitude on particle size distribution 
(oc=25%, L=315mm) 
volume %> di di (ý tm) 
xo = 50mm I X0 = 100 MM 
f=0.8 Hz 
_f 
= 1.2 Hz f=0.8 Hz f=1.2 Hz 
0 339.8 309.6 282.1 234.1 
-5 
270 229.1 178.3 143.6 
- 
10 252.6 212.2 157.3 106.2 
20 231.2 192.1 131.1 74.41 
- 
25 223.3 184.7 121.9 67.72 
- 
30 215.4 177.2 114.8 62.65 
- 
40 202.1 165.1 102.6 55.35 
- 
50 189.4 153.5 92.4 49.73 
- 
60 177 142 83.08 45.05 
- 
70 163.9 129.7 73.2 40.81 
- 
75 156.5 123 67.41 38.72 
- 
80 148.5 115.1 60.13 36.59 
90 124.8 94.49 42.46 31.15 
- 
- 
95 101 79.67 33.37 25.97 
dv, 0.5 (9M) 181.3 146.4 86.26 52.58 
Wt. % O/size 66 21 6 5 
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Table A4.3: Effect of oscillation frequency and amplitude on particle size distribution 
(cc=20%, L=315mm) 
di Cumulative Volume Oversize (%) 



















0 100 100 100 100 100 100 100 100 100 
20 100 99.9 99.2 98.9 100 96.5 94.2 91 84.7 
38 100 98.8 96.8 95.8 98 85.1 79.9 65.4 43.7 
50 100 97.3 93 91.1 91.2 70.9 64.8 45 23.7 
53 100 97 92.2 90.1 89.3 67.5 61.2 40.9 19.4 
63 99.9 96 89.6 86.8 81.4 54.7 48.6 29.4 11.4 
75 99.3 94.1 83.9 79.5 67 37.3 32.2 19.3 6.46 
90 97.9 91 72.3 65.9 45.9 19.7 15.9 11.3 3.47 
100 97.1 89 62.9 56.1 33.8 12.5 9.11 7.89 2.39 
106 96.6 87.7 56.8 50.3 28.3 9.95 6.53 6.45 1.95 
125 93.5 81.2 37.7 33.7 16 5.57 1.78 3.37 1.03 
140 87.4 72.3 25 23.3 10.7 4.11 0.44 1.98 0.61 
150 81.3 64.8 18.2 17.7 8.22 3.32 0.097 1.26 0.41 
180 55.3 38.1 6.15 6.91 3.24 1.27 0 0.1 0.085 
200 36.9 22.7 2.73 3.44 1.41 0.52 0 0.004 0.021 
250 6.68 2.55 0.12 0.46 . 033 0.019 0 
0 0 
300 0.23 0.025 0 0.076 0 0 0 0 0 
dv, 0.5 
4tm) 
180.8 153.6 105.1 99.82 86.55 61.71 61.91 46.67 35.2 
Wt. % 
O/size 
25.6 15.4 7.5 4.5 3.2 1.5 9.2 4.5 1.0 
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Table A4.4: Effect of oscillation frequency and amplitude on particle size distribution 
(cc=30%, L=315mm) 
di Cumulative Volume Oversize 



















0 100 100 100 100 100 100 100 100 100 
20 100 100 100 99.6 99.6 98.9 99.2 96.8 91.8 
38 100 100 100 98.9 98.5 96.3 97.4 88.4 72.8 
50 100 100 100 98.2 96.4 91.6 94.4 78.8 57 
53 100 100 100 98.1 96 90.6 93.8 76.6 53.5 
63 100 100 100 97.7 94.6 87.3 91.7 69.4 42.7 
75 99.7 99.3 99.3 95.9 90.9 80.4 86.6 58 31.1 
90 98.1 96.8 97.4 92.4 83.8 66.6 75.8 41.5 20.4 
100 97.3 95.3 95.9 89.9 77.9 55.6 66.6 31.6 15.5 
106 96.9 94.5 94.7 88.1 73.6 48.8 60.4 26.6 13.3 
125 94.5 91.1 88.6 80 56.6 29 39.5 14.6 8.15 
140 89.9 86.5 79.9 69.9 41 17.7 24.4 8.92 5.44 
150 85.8 82.7 72.4 61.8 30.8 12.3 16.3 6.18 3.93 
180 66.7 65.5 44.9 34.6 8.32 4.29 2.72 1.41 0.76 
200 47.3 47.4 28 19.7 1.96 2.35 0.43 0.28 0.11 
250 5.43 5.89 3.74 1.79 0.001 0.34 0 0 0 
300 0 0 0.046 0.013 0 0.004 0 0 0 
dv, 0.5 
4tm) 
188.3 184.7 169.5 152.2 121.5 97.94 106.8 73.98 53.15 
Wt. % 
O/size 
77 52 24 16 13 6.0 8.1 9.0 7.0 
238 
Table A4.5: Effect of oscillation frequency and amplitude on particle size distribution 
(cc=25%, L=368mm) 
di Cumulative Volume Oversize 



















0 100 100 100 100 100 100 100 100 100 
20 100 100 99.8 99.7 98.6 95.3 97.8 90.9 91.6 
38 100 99.5 98.8 98.4 94.9 78.5 93.3 65.5 55.9 
50 100 98.4 97.2 96.8 89.3 64 87.5 44.1 29.9 
53 100 98.2 96.9 96.4 88.1 60.9 86.3 39.5 25.2 
63 100 97.3 95.8 95.4 84.3 50.8 82.3 25.7 14.5 
75 99.6 94.8 93 92.9 76.3 37.6 73.2 13.5 7.66 
90 97.6 90 87.8 88.1 60.4 23.1 54.7 5.54 3.77 
100 96.5 86.4 83.8 84.4 48.1 16.1 41.7 3.09 2.54 
106 95.9 84 81.1 81.8 40.8 13.1 34.8 2.2 2.11 
125 93 74.9 70.3 71 20.7 6.85 18.3 0.49 1.32 
140 88.5 65.3 59.1 59.3 10.1 4.07 11.1 0.077 0.94 
150 84.6 58 50.9 50.7 5.37 2.64 8.04 0.006 0.67 
180 97 34.3 26.6 25.4 0.26 0.27 3.12 0 0.057 
200 48.9 20.9 14.6 13.2 0.008 0.014 1.55 0 0.002 
250 6.57 2.65 1.24 0.7 0 0 0.11 0 0 
300 0 0.031 0.001 0.003 0 0 0.001 0 0 
dv, 0.5 
(gm) 
187.9 149.2 139.4 138.6 89.76 56.61 86.25 43.58 39.46 
Wt. % 
O/size 
68 29 18 16 14 5 5 7 7 
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Table A4.6: Effect of oscillation frequency and amplitude on particle size distribution 
((x=25%, L=263mm) 
%> di (ýtm) 





















0 339.8 339.8 309.6 282.1 256.8 282.1 282.1 309.6 256.8 
5 270.1 256.2 219.2 209.6 160.2 172.9 174.7 163.9 150.6 
10 252.9 241.9 203.5 193.2 139 152 153.2 132.6 115.8 
20 232 221.3 182.9 173.6 116 122.6 124.8 98.07 80.86 
25 224.5 212.6 174.8 166.2 108.4 111.6 114.9 90.07 71.97 
30 216.9 206 168 159.3 102.1 102.9 106.6 83.88 64.78 
40 203.8 192.9 155.2 147.1 91.66 89.44 93.45 74.41 53.49 
50 191.5 181.2 143.1 136.1 82.38 78.84 82.78 65.79 45.42 
60 179.6 169.6 131 125.2 72.95 68.82 72.7 56.69 39.22 
70 167 157.4 117.6 113.6 61.91 57.03 61.05 46.86 33.71 
75 160.4 150.6 110.1 107.1 55.38 50.29 53.99 42.3 30.78 
80 152.3 142.9 101.5 100 48.96 43.97 47 38.01 27.55 
90 131 121.1 80.39 81.81 37.98 30.61 34.16 26.9 20.22 
95 106.7 94.8 65.32 66.77 30.84 19.39 21.84 19.56 15.8 
dv, 0.5 
(m) 
183.7 173 133.7 128.6 75.85 71.35 75.22 62.29 46.56 
Wt. % 
O/size 
64 44 16 16 9 3 9 6 7 
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Appendix 4.2 Molecular Weight Data 
Table A4.7: Average molecular weight data (cc, ---20%, L=315mm) 












0.8 50 793731 233689 868031 3.397 
1.0 50 902391 310479 1029827 2.906 
1.2 50 959706 238959 1224797 4.016 
0.8 75 667165 223416 396691 2.986 
1.0 75 
1.2 75 731438 230980 432458 3.167 
0.8 100 988765 305288 1196205 3.239 
1.0 100 847158 253875 406877 3.337 
1.2 100 729646 143529 365313 5.084 
Table A4.8: Average molecular weight data (cc--25%, L--315mm) 












0.8 50 428506 88137 236677 4.862 
1.0 50 510293 116645 302737 4.375 
1.2 50 512823 116140 298843 4.416 
0.8 75 784449 228916 925577 3.427 
1.0 75 755462 221318 986086 3.413 
1.2 75 764685 187009 1107625 4.089 
0.8 100 487523 102671 266997 4.748 
1.0 100 928862 318342 866928 3.087 
1.2 100 454928 86402 244722 5.265 
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Table A4.7: Average molecular weight data (cc: --30%, L=315mm) 












0.8 50 725742 171618 688565 4.287 
1.0 50 735267 182477 374946 4.029 
1.2 50 919700 245337 978881 3.749 
0.8 75 1129323 301813 1315845 3.742 
1.0 75 754395 210933 766931 3.576 
1.2 75 906042 240504 1087206 3.767 
0.8 100 903378 269426 1058407 3.353 
1.0 100 948569 275560 1005397 3.442 
1.2 100 1024223 277050 993469 3.697 
Table A4.9: Average molecular weight data (cc, ---25%, L--368mm) 












0.8 50 706186 137815 251185 5.124 
1.0 50 719161 169288 249458 4.248 
1.2 50 792470 180032 1023960 4.403 
0.8 75 868107 244369 986585 3.552 
1.0 75 808079 267258 982451 3.024 
1.2 75 755717 215900 895995 3.500 
0.8 100 811520 237905 998560 3.411 
1.0 100 810718 214906 929251 3.772 
1.2 100 815538 246710 952017 3.306 
Table A4.10: Average molecular weight data (cc--25%, L=263mm) 












0.8 50 546636 126263 323270 4.329 
1.0 50 627440 142795 408102 4.394 
1.2 50 566838 120589 304842 4.701 
0.8 75 601896 125246 339159 4.806 
75 523714 115124 288906 4.549 
1.2 75 474842 73518 214359 6.459 
0.8 100 494065 84808 268287 5.826 
1.0 loo 566320 117693 314706 4.812 
1.2 100 504417 101107 294712 4.989 
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Appendix 4.3: Residual BPO Content 
Table A4.11: Residual BPO content of polymer beads 
f (Hz) x0 (mm) (X (%) L (nun) BPO (%) 
0.8 50 20 315 0.705 
1.0 50 20 315 0.864 
1.2 50 20 315 0.862 
0.8 75 20 315 0.728 
1.0 75 20 315 0.750 
1.2 75 20 315 0.721 
0.8 100 20 315 0.874 
1.0 100 20 315 0.816 
1.2 100 20 315 0.772 
0.8 50 25 315 0.800 
1.0 50 25 315 
1.2 50 25 315 0.780 
0.8 75 25 315 0.750 
1.0 75 25 315 0.699 
1.2 75 25 315 
0.8 100 25 315 0.790 
1.0 100 25 315 0.700 
1.2 100 25 315 0.800 
0.8 50 30 315 0.770 
1.0 50 30 315 0.803 
1.2 50 30 315 0.742 
0.8 75 30 315 0.790 
1.0 75 30 315 0.810 
1.2 75 30 315 0.846 
0.8 100 30 315 0.747 
1.0 100 30 315 0.676 
- 1.2 - 100 30 315 0.755 
0.8 50 25 386 0.701 
1.0-- 50 25 386 0.756 
1.2 50 25 386 0.812 
_ 0.8 _ 75 25 386 0.745 
_ 1.0 _ 75 25 386 0.810 
- - 75 25 386 0.777 
0.8 100 25 386 0.780 
_ 1.0 _ 100 25 386 0.709 
1.2- - loo- - 25 386 0.678 
0.8 50 25 263 0.788 
1.0- - 50 25 263 0.803 
1.2 50 25 263 0.742 
0.8 75 25 263 0.801 
_ _ 75 25 263 0.850 
1.2 75 
_ 
25 263 0.822 
0.8 _ 100 
- - 
25 263 0.790 
1.0 100 25 263 0.800 
1.2 100 25 263 0.780 
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